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ABSTRACT 
 
Water recycling and resource recovery from acid mine drainage (AMD) are 
increasingly being regarded as desirable practices with direct benefits for the environment 
and the operational and economic viability of the resources sector. 
This thesis proves the concept of a novel bioelectrochemical system (BES) for the 
direct electrode-driven resource recovery and practically permanent AMD treatment. The 
technology consists of a two-cell bioelectrochemical setup to enable the removal of sulfate 
from the ongoing reduction-oxidation sulfur cycle, thereby also reducing salinity, without 
external addition of chemicals.  
In particular, the goals of this thesis are: (i) to enrich a sulfate reducing bacterial 
community capable of directly utilising a carbon based cathode as electron donor for 
autotrophic sulfate reduction, or via bioelectrochemically-produced H2; (ii) to elucidate the 
electron flux pathways of autotrophic sulfate reduction and microbial interactions in 
cathodic mixed cultures; (iii) to develop a high-rate sulfate reducing bioelectrochemical 
reactor based on high surface area electrode materials; (iv) to design and implement a 
combined chemical-free bioelectrochemical process that enables the sulfur, metal and 
water recovery from AMD. 
In order to elucidate whether cathodes can effectively release electrons and act as 
the only electron donor to support sulfate reduction process, the effect of cathode potential 
and inoculum source were evaluated using electrochemical tools, including the recording 
of chronoamperometry and cyclic/linear sweep voltammetry (Chapter 5). Electrochemical 
and off-gas analysis coupled to liquid phase sampling was carried out to determine the 
electron fluxes from the electrode to the final electron acceptor (sulfate) during autotrophic 
sulfate reduction (Chapter 6). Fluorescence in situ hybridization (FISH) and digital image 
analysis (DAIME) of the microbial communities in z-stack confirmed the microbial 
stratification. After obtaining a well-functioning biocathode for autotrophic sulfate reduction, 
its performance was experimentally optimised in terms of high-surface area electrode 
materials, like multi-wall carbon nanotubes on reticulated vitreous carbon (MWCNT-RVC) 
and carbon granules (CG) (Chapter 7). Finally, a novel BES was tested for AMD treatment 
(Chapter 8).  
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This thesis reported the effect of inoculum and cathode potential on the successful 
enrichment of an autotrophic sulfate-reducing biocathode controlled at -0.9 V vs. standard 
hydrogen electrode (SHE). This study proved for the first time that high rates of autotrophic 
sulfate reduction (29 ± 3 g SO4
2--S m-2 d-1) are mainly driven via hydrogen produced at the 
same cathode, with 95±0.04% Coulombic efficiency towards sulfide production. Moreover, 
the relative abundance of the biofilm-forming sulfate-reducing bacteria (SRBs) enriched on 
the carbon cloth cathodes (46.1± 3.9%) showed the remarkable ability to consume 
hydrogen at a rate of 3.9 ± 0.5 mol H2 m
-2 d-1, outcompeting methanogens and 
homoacetogens for the hydrogen without the need to add chemical inhibitors.  
The findings of this thesis show that inexpensive CG can achieve higher current-to-
sulfide efficiencies at lower power consumption than the nano-modified three-dimensional 
MWCNT-RVC. Sequencing analysis of the 16S rRNA gene on day 58 revealed that 
MWCNT-RVC retained the bacteria and archaea population from the inoculum, while CG 
electrode surface was able to select for bacteria over archaea. 
The feasibility to integrate a two-stage BES  was proven with a lab-scale setup for 
AMD treatment. Using AMD, the BES operation enhanced the sulfate reduction rate (SRR) 
to 946 ± 18 g SO4
2--S m-3 d-1, which corresponds to 189 ± 4 g SO4
2--S m-2 d-1. The power 
consumption was 10 kWh kg-1 of S0 recovered with an effective removal of sulfate-S to 
less than 550 mg L-1 (85 ± 2% removal).  
In addition, the BES operation drove the removal and recovery of the main cations 
Al, Fe, Mg, Zn at rates of 151 ± 0 g Al m−3 d−1, 179 ± 1 g Fe m−3 d−1, 172 ± 1 Mg m−3 d−1 
and 46 ± 0 g Zn m−3 d−1 into a concentrate stream (containing 263 ± 2 mg Al, 279 ± 2 mg 
Fe, 152 ± 0 mg Mg and 90 ± 0 mg Zn per grams of solid precipitated after BES treatment). 
The solid metal-sludge was 2 times less voluminous and 9 times more readily settleable 
than metal-sludge precipitated using NaOH. The continuous BES treatment also 
demonstrated the concomitant precipitation of rare earth elements + yttrium (REY) per 
grams of solid, with up to 498 ± 70 µg Y, 166 ± 27 µg Nd, 155 ± 14 µg Gd, among other 
high-value metals.  
The proven integrated process enhances the potential for mining water recycling 
worldwide by achieving sulfur recovery in elemental form and recovery of metals at low 
concentrations from mining and mineral processing wastewater. 
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1 INTRODUCTION 
 
The increasing number of abandoned and remote mine sites represents a 
significant threat from soil and waterways contamination due to significant management 
issues associated with acid mine drainage (AMD). Compared to other industries, mining 
and mineral processing waste streams have very specific characteristics (e.g. highly acidic 
and saline streams) and unusual pollutants such as metals, sulfur compounds, and 
cyanide. 
In turn, this problem also offers attractive opportunities for water recycling and 
resource recovery with direct benefits for the environment and the operational and 
economic viability of the mining operations. However, there are limited technologies 
available at present to deal with such complex and often unique challenges. Even though 
metal sulfides can be recovered using biological sulfate reduction processes, these require 
large quantities of organic compounds or hydrogen which are usually unavailable locally, 
thus constituting a barrier for widespread implementation. At the same time, it has to be 
considered that the final product of this sulfate reduction process is sulfide, which may 
then be re-oxidised even when precipitated with some of the metals present, thus 
regenerating acid and re-solubilising metals.  
To address both of these major problems in effectively managing AMD, this thesis 
demonstrates the feasibility of a new treatment process for the recovery of water, sulfur 
and metals, which necessitates no net chemical additions. This thesis proves the concept 
of a novel two-stage bioelectrochemical systems (BESs) to enable the removal of sulfate 
from the ongoing reduction-oxidation sulfur cycle, thereby also reducing salinity, without 
external addition of chemicals. In the process, dissolved metals and rare earth elements 
(REE) together with yttrium (REY) are furthermore recovered from mining streams as a 
solid precipitate in the form of hydroxides. 
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2 LITERATURE REVIEW 
 
2.1 Broader context 
The unprecedented growth of mining and mineral processing industries has created 
significant challenges due to the major expansions of their operations, while also facing 
increased regulatory requirements. A key limitation in many mine sites is often a reliable 
water supply and the associated wastewaters produced. Recently, apocalyptic images of 
communities swallowed by mud and rivers flooded by mining tailings shocked the Brazilian 
population in 2015 after the collapse of a mining dam in the state of Minas Gerais (Gomes 
et al. 2017). 
Water streams affected by spills and runoff of AMD are highly stressed ecosystems 
and occur worldwide. To address this problem, reliable technology to deal with wastewater 
from mine tailings needs to be developed. This in turn offers attractive opportunities for 
water recycling and protection of the environment as a core priority with direct benefits for 
the operational and economic viability of mining operations. There are limited technologies 
available at present to deal with such complex and often unique challenges.  
BES that couple electricity with microbial biocatalysts as self-(re)generating and 
inexpensive catalysts to efficiently treat AMD show particular promise as a means of 
reducing operational costs while meeting environmental obligations. Its electrode-driven 
sulfur and metal recovery process allows for water recovery and minimisation of settling 
time/sludge amount and thus infrastructure size. Contrary to other AMD treatment 
technologies, this high-performing treatment process does not require the addition of any 
chemicals. 
 
2.2 Fundamentals of the sulfur cycle and AMD formation 
Sulfur, one of the most important elements in nature, plays a crucial role in the 
existence of all living organisms, as a key component of certain proteins that 
make life possible (Brosnan & Brosnan 2006). It is also one of the most abundant 
elements on Earth, mainly as pyrite (FeS2) or gypsum (CaSO4) in rocks and sediments 
and as sulfate in seawater (Muyzer & Stams 2008). The sulfur cycle presents a broad 
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range of oxidation states, from –2 (completely reduced) to +6 (completely oxidized). 
Sulfate (SO4
2-) can be transformed biologically to sulfide (HS-) or hydrogen sulfide (H2S) in 
metabolic pathways used by a varied range of sulfate-reducing bacteria (SRB). The 
reduced sulfur compounds such as sulfide or elemental sulfur can be converted chemically 
and biologically to sulfate. Furthermore, the sulfur cycle is closely linked to other element 
cycles, such as the carbon and nitrogen cycles (Wu et al. 2016; Hao et al. 2014). While the 
sulfate reduction is an electron and proton consuming reaction, sulfide oxidation is an 
electron and proton releasing reaction. The intermediates sulfite and thiosulfate can be 
formed by disproportionation, the coupled oxidation and reduction of sulfur compounds. As 
an example thiosulfate is produced by the reaction of sulfite ion with elemental sulfur, and 
by incomplete oxidation of sulphide (Muyzer & Stams 2008). A schematic overview of the 
sulfur cycle and electron balance is shown in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Biological sulfur cycle and electron balance (redrafted after (Sánchez-
Andrea et al. 2014)). 
 
Mining activities influence the rates and certain aspects of the sulfur cycle, 
sometimes causing substantial environmental damage due to the release of AMD into the 
environment. The principles governing the generation of AMD are relatively well 
understood. There are minerals such as pyrite (FeS2), arsenopyrite (FeAsS) among 
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others, which are typically not the target material of the mining operation. They are often 
deposited on site in waste rock piles or tailings and may be exposed to air locally during 
mining operations. A schematic overview of the generation of AMD is presented in Figure 
2.2. 
 
 
 
 
 
 
 
 
 
Figure 2.2. Generation of AMD. Adapted from (Akcil & Koldas 2006). 
 
Upon exposure to oxygen and water, communities of autotrophic and heterotrophic 
archaea and bacteria catalyze iron and sulfur oxidation, thus may ultimately determine the 
rate of release of a waste streams with very specific characteristics (Baker & Banfield 
2003). They are highly acidic (typically pH 1-4), have high salinity (commonly sulfate 
concentration 350-13000 mg L-1 SO4
2-) and metals such as zinc, copper, manganese, 
aluminum, iron, cadmium, silver can be found in concentrations that can range from 10−3 
to 104 mg L-1 (Akcil & Koldas 2006; Bejan & Bunce 2015; Nariyan, Sillanpää & 
Wolkersdorfer 2017). Trace concentration of rare earth elements (REE), together with 
yttrium (REY) can also be found in AMD between 10−3 to 102 µg L-1, which is several 
orders of magnitude higher than in naturally occurring water bodies (Stewart et al. 2017; 
Ayora et al. 2016; Merten et al. 2005; Parbhakar-Fox et al. 2014). The oxidation of pyrite is 
by far the greatest contributor of  AMD formation. The oxidation pyrite solubilizes the 
ferrous iron (Fe2+) as shown in Eq. 2.1, which is subsequently oxidized to ferric iron (Fe3+) 
(Eq.2.2).  
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2FeS2 + 7O2 + 2H2O → 2Fe
2+ + 4SO4
2- + 4H+     (2.1) 
4Fe2+ + O2
 + 4H+ → 4Fe3+ + 4H2O     (2.2) 
 
The ferric ions (Fe3+) formed in Eq. 2.2 will be partly in solution at these low pH 
values and can directly react as electron acceptors for the ongoing oxidation of sulfide 
[26]. This can drastically accelerate the acid generation process as shown in Eq. 2.3 
 
FeS2 + 14Fe
3+ + 8H2O → 15Fe
2+ + 2SO4
2- + 16H+   (2.3) 
 
The increasing number of abandoned and remote mine sites represents a 
significant threat from soil and waterways contamination due to significant management 
issues associated with AMD (Favas et al. 2016). In Australia, there are over 50,000 
registered abandoned mines which range from isolated minor surface mines, to large and 
complex sites (Parbhakar-Fox et al. 2014; Unger et al. 2012). These sites can include 
waste rock piles, tailings storage facilities and mineral sulfide deposits, which are 
significant sources of AMD.  
The migration of untreated AMD can lead to significant environmental impacts on 
water quality, such as percolation into aquifers (Olías et al. 2005) or effluents that 
converge into surface water streams (Galán et al. 2003; Favas et al. 2016; Kefeni, Msagati 
& Mamba 2017). Niyogi et al. 2002 reported a clear decay in primary producers or 
autotrophs, which form the base of the food chain at sites contaminated with high ferric 
iron and aluminum hydroxide precipitates from AMD. Algae, invertebrates, and fish growth 
may be limited by low HCO3
- concentrations and by release of CO2 into the atmosphere 
that increases as acidity rises in the water column of streams receiving AMD (Hogsden & 
Harding 2012; Toja, Sola & Plans 2004; Liao et al. 2017).  
When the AMD is in contact with fresh water or neutralizing minerals, previously 
soluble Fe3+ ions precipitate as ferric hydroxide (Fe(OH)3). A bright yellow-orange 
coloration due to iron hydroxide precipitation. These precipitates negatively affect public 
perception and can cause significant economic losses on recreational industries (e.g. 
tourism) (Hogsden & Harding 2012; Favas et al. 2016; Brady et al. 1986). 
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2.3 Opportunities of resource recovery from AMD  
Considering these negative environmental and social impacts, the removal and 
recovery of metals and sulfur from AMD represents a global concern and an effective 
treatment approach is still lacking in many situations, most typically in mining and post-
mining operations. Trace concentration of rare earth elements and yttrium (REY) can also 
be found in AMD between 10−3 to 102 µg L-1, which is several orders of magnitude higher 
than in naturally occurring water bodies (Stewart et al. 2017; Ayora et al. 2016; Merten et 
al. 2005). 
The problem of AMD offers attractive opportunities for water recycling and resource 
recovery, with direct benefits for the environment and the operational and economic 
viability of the mining operations (Simate & Ndlovu 2014; Wang, Bejan & Nigel J. Bunce 
2003; Sahinkaya et al. 2009; Ayora et al. 2016; Tabak et al. 2003). The increasing demand 
of REY as a critical material for modern technological developments has encouraged 
exploration for other potential sources (Massari & Ruberti 2013). As an example, a list of 
rare earth elements was identified as critical for the European Union, including yttrium (Y) 
(Hennebel et al. 2015). This is because China is producing more than 90% of all rare 
earths, and the reserves are unequally distributed (Binnemans et al. 2013). Stewart et al. 
2017 estimated a total of about 538 metric tons of REY per year could be recovered from 
an abandoned coal mines in the Appalachian Basin, USA. A strong association between 
high REE concentrations and acidity has been described in surface and ground water 
(Welch et al. 2009; Noack, Dzombak & Karamalidis 2014).  Recently, Ayora et al. 2016 
reported that REY content in AMD can be several orders of magnitude higher than in 
naturally occurring water bodies.  
With regards to water recycling,  a key limitation to growth in many mine sites is 
often the lack of a reliable water supply and wastewater management (Wessman et al. 
2014; Buzzi et al. 2013; Nguyen et al. 2014). The use of large-scale seawater reverse 
osmosis (SWRO) plants has been rapid growth in the past decade as a means to augment 
water supply in mining operations (Chavez-Crooker et al. 2015; Petry et al. 2007). 
Currently, SWRO plants consume between 3 and 4 kWh m-3 and release between 1.4 and 
1.8 kg CO2 per cubic meter of produced water (Elimelech & Phillip 2011; Liu et al. 2015; 
Fritzmann et al. 2007). Although it is estimated that power consumption of future SWRO 
plants will decrease below 3 kWh m-3, the environmental impacts of large-scale 
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desalination plants can be substantial from the intake of seawater (entrainment of marine 
organisms) until the discharge of high-salinity SWRO brines and chemicals used in 
membrane cleaning and pre-treatment (Elimelech & Phillip 2011). Power consumption can 
increase when the desalinated water produced needs to be pumped to remote areas. As 
an example, a power consumption of 22 kWh m-3 has been described for pumping 
industrial desalinated water to the second largest open-pit copper mine in the world, 170 
km away from the coast and up to an altitude of 3200 m above the sea level in Chile 
(Chueco-Fernandez & Bayod-Rujula 2010). As a consequence, mining companies are 
becoming progressively conscious of the need to implement resource recovery on-site. 
This is not only due to the value of metals and sulfur in mining wastewater but also 
because of the opportunity to reduce the need to pump water over long distances and to 
tailor water quality to local needs that are fit-for-purpose (Buzzi et al. 2013; Nguyen et al. 
2014). These valuable elements could be targeted for resource recovery from AMD, 
offering a new path to be explored in mining operations. However, there are limited 
technologies available at present to deal with such complex and often unique challenges. 
Recent evidence suggests that prevention of AMD is extremely difficult or even impossible 
since it occurs wherever sulfide minerals are exposed to air and water (Akcil & Koldas 
2006). Therefore, due to practical problems involved in preventing the formation of AMD at 
sources, treatment technologies have been the major counteracting measures for AMD 
treatment (Tabak et al. 2003; Simate & Ndlovu 2014).  
 
2.4 Mining wastewater treatment  
While most mining operations include water recycling processes, the large majority 
still has major and growing waste disposal issues that are not consistent with sustainable 
environmental management goals. As an example, pressure-driven membrane processes 
such as nanofiltration and reverse osmosis (RO) have become popular as AMD treatment 
technologies because of the high quality of purified water. Unfortunately, operating with 
water recycling of 35% to 85% (Pérez-González et al. 2012), RO plants generate huge 
volumes of concentrates, which depends on the source of AMD and the membrane system 
used, ranging from 10% to 60% of the feed AMD flow (Chelme-Ayala, Smith & Mohamed 
2009). RO brines constitute a potentially serious threat to ecosystems, which can only be 
left on-site waiting for more rain to come and produce AMD again (Zhong et al. 2007; 
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Pérez-González et al. 2012). Therefore, it is not a permanent solution and there is an 
urgent need for environmentally friendly management options of RO brines. Another 
alternative involves neutralization of AMD with alkaline chemicals such as NaOH, CaO, 
Ca(OH)2, Na2CO3 among others (Cravotta et al. 2015; Johnson & Hallberg 2005; Cravotta 
& Brady 2015). One of the main drawbacks of chemical precipitation of AMD is that the 
metal-sludge generated are amorphous in nature, thus difficult to dewater (Djedidi et al. 
2009; Tolonen et al. 2014). This method results in the formation of gypsum (CaSO4·2H2O) 
as sulfate precipitates, thereby generating vast quantities of sludge due to the high sulfate 
concentrations normally present in AMD.  
Alternatively to the chemical process, metals and sulfate removal from AMD can be 
achieved using biological sulfate reduction process based on the metabolism of SRB 
(Plugge et al. 2011; Muyzer & Stams 2008). SRB are a phylogenetically diverse group of 
anaerobes covering distinct physiologies and widespread in a multitude environments 
including mangroves, marine sediments, sewer, fresh waters and engineering systems as 
anaerobic reactors (Lens et al. 2002; Heidelberg et al. 2004; Liamleam & Annachhatre 
2007). They are characterised by anaerobic respiration using sulfate as a terminal electron 
acceptor and organic compounds or hydrogen as an electron donor source. Figure 2.3 
illustrates a hydrogen cycling mechanism which was proposed by Odom and Peck (1981) 
to elucidate energy conservation in Desulfovibrio while growing with lactate/sulfate. 
Selecting a suitable electron donor requires consideration of technical (reaction kinetics), 
economic (addition cost) and logistic (availability) approaches. A summary of the most 
relevant organic compounds for heterotrophic SRB metabolism is given by Liamleam and 
Annachhatre 2007.  
Recently, the first large-scale (800-1000 m3/d) Sulfate reduction Autotrophic 
denitrification Nitrification Integrated (SANI®) process has been successfully implemented 
for the treatment of saline sewage (with a sulfate-to-chemical oxygen demand (COD) ratio 
˃ 0.5 mg SO4
2--S/mg COD) (Wu et al. 2016). Although the successful implementation of 
this process could be potentially expanded to treating other sulfate-containing wastes, as 
noted by Liamleam and  Annachhatre 2007, sulfate-rich wastewaters are usually deficient 
in electron donors and require an external addition of chemicals in order to achieve 
complete sulfate reduction.  
9 
 
 
Figure 2.3. The hydrogen cycling mechanism to explain energy conservation in 
Desulfovibrio, while growing with lactate/sulphate (redrafted after (Odom & Peck 1981)). 
Hase: Hydrogenase. 
 
Paques B.V implemented the first 500 m3 sulfate reducing technology based on 
hydrogen as an electron donor for the autotrophic process (Bijmans 2008). The H2 is 
produced on-site in a natural gas reformer according to equation 2.3.  
 
CH4 + 2H2O → 4H2 + CO2                 (2.3) 
 
The reformer produced approximately 500 Nm3/h of H2 using 200 Nm
3/h of CH4 
(Copini et al. 2001). With a power to gas technology, hydrogen is produced by water 
electrolysis using renewable energy sources such as photovoltaic and wind turbines 
(Gahleitner 2013). Although their reliable operation has been reported in several projects 
(Ipsakis et al. 2009; Garcia-Robledo et al. 2016; Bensmann et al. 2014), problems with low 
hydrogen purity, safety aspects of storage pressure and stack degradation do occur 
(Szyszka 1998). It has been described that the SRR is strongly dependent on the gas-to-
liquid hydrogen mass transfer capacity (van Houten, Pol & Lettinga 1994). Difficulties 
arise, however, when attempts are made to increase the bio-availability of H2 as it is only 
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scarcely soluble in water, resulting in substantial H2 concentrations in the produced biogas 
(Bensmann et al. 2014; Garcia-Robledo et al. 2016). At the same time, it has to be 
considered that the final product of this sulfate reduction process is sulfide, which may 
then be re-oxidised even when precipitated with some of the metals presents, thus 
regenerating acid and re-solubilising metals. Therefore, unless used for metal recovery, 
the formed metal sulfides need to be maintained under anaerobic conditions to prevent 
their oxidation (Lens et al. 2002; Simate & Ndlovu 2014).  
The development and implementation of a chemical-free and practically permanent 
technology remains a fundamental challenge in AMD treatment research. Recently, 
researchers have shown an increased interest in electrochemical treatment of AMD by 
manipulating the driving electric potential gradient without chemicals addition (Park et al. 
2015; Bejan &  Bunce 2015). The modular design which can be powered from renewable 
energy sources makes electrochemical treatment technologies ideal for AMD treatment in 
abandoned and remote areas (Radjenovic & Sedlak 2015). A great number of lab-scale 
studies have demonstrated the ability of electrochemical processes to remove 
contaminants or recover metals from synthetic and real AMD (Chartrand & Bunce 2003; 
Sahinkaya et al. 2009). Electrodialysis (ED) has proven to be an efficient technology for 
water recovery and for the concentration of electrolytes from AMD (Buzzi et al. 2013). 
However, the precipitation of iron at the surface of the cation-exchange membrane 
constitutes a scaling problem, which reduces the process efficiency.  
A rather different electrochemical process for the treatment of AMD has been made 
by Nariyan et al. 2017 who suggested establishing an electrocoagulation (EC) cell using 
aluminum and iron as sacrificial electrodes. Nevertheless, the main drawbacks of EC are 
the high cost of the sacrificial metal anodes (Bejan & Bunce 2015). While these studies 
provide an understanding of the effects of operational variables on process performance, 
the relatively high costs, a short life expectancy of electrodes and concerns about the 
more restricted discharge limits of sulfate have slowed down progress towards full-scale 
application. Electrochemical devices that couple electricity with microbial biocatalysts to 
efficiently recover resources from AMD show particular promise as a means of reducing 
operational costs. BES technology couple the interactions between microorganisms and 
electrodes, involving sulfate-reducing bacteria (SRBs) as key organisms, can contribute to 
overcoming these challenges. To study how BES can be used as AMD treatment 
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technology, an understanding of the microbial electrochemistry behind this process must 
be obtained.  
 
2.5 Electricity drives autotrophic sulfate-reduction 
In its simplest definition, BESs  are electrochemical cells that use microorganisms 
as a self-regenerable catalyst of anodic and/or cathodic reactions. They have been 
classified into electricity-producing microbial fuel cells (MFCs) and electricity-consuming 
microbial electrolysis cell (MECs). To maintain electroneutrality, BES can be partitioned  
into compartments by an ion exchange membrane allowing transport of ions and keeping 
the reactions separated (Harnisch & Schröder 2009). Figure 2.4 illustrates a diagram of 
MFC and MEC. 
 
Figure 2.4. Schematic diagram of microbial and chemical catalysis. Adapted from 
(Clauwaert et al. 2008). Chemical energy is converted into electrical energy (upper half) 
(MFC) (E anode < E cathode). Electrical power is consumed in MEC (E anode > E cathode). 
 
A MFC is a BES in which chemical energy is converted spontaneously into 
electrical energy by a biocatalysts (overall negative free reaction energy) (Logan et al. 
2006; Bard, Inzelt & Scholz 2012). In the event that a reaction requires the input of electric 
energy, the system is called a microbial electrolysis cell (MEC) (overall positive free 
12 
 
reaction energy). A power source delivers a voltage to overcome the thermodynamic 
barrier for the cathodic reaction.  
The variety of metabolic process using MEC is growing, including production of 
chemicals and bioremediation. In terms of bioremediation, several studies have exposed 
that many inorganic compounds can be removed using cathodic process including nitrate 
reduction to nitrogen gas (Virdis et al. 2008; Clauwaert et al. 2007), reductive 
dechlorination process (Mu et al. 2009; Butler et al. 2010) and reductive removal of 
radioactive and toxic metals (Gregory & Lovley 2005). 
Recent studies have suggested that biological sulfate reduction can be driven by 
electricity as the sole electron source by using a potentiostatically-controlled BES and 
applying a suitable potential for direct sulfate reduction (Eq. 2.4) (Su et al. 2012; Coma et 
al. 2013). Su et al. 2012 reported on microbially-catalysed sulfate reduction with polarised 
electrode at the theoretical potential of −0.2 V vs. standard hydrogen electrode (SHE) as 
the sole electron donor without electron shuttles or hydrogen production. 
 
SO4
2- + 9H+ + 8e- → HS- + 4H2O       E
0’=-0.21 V vs. SHE   (2.4) 
 
Another study by Coma et al. 2013 observed sulfate reduction when the cathodic 
potential was poised at -0.26V vs. SHE. However, these studies did not back the claimed 
electrode reactions with sulfur balances, nor were electrochemical or microbial 
characterisations undertaken.  
Furthermore, Luo et al. 2014 compared the sulfate removal efficiency of autotrophic 
biocathodes at different cathode potentials. They suggested that hydrogenotrophic sulfate 
reduction was the main mechanism for sulfate reduction (Eq. 2.5, 2.6). Nevertheless, there 
has been no detailed investigation on this assumption.   
 
8H+ + 8e- → 4H2  E
0’= -0.41 V vs. SHE     (2.5) 
4H2 + SO4
2- + H+/2H+ → HS-/H2S + 4H2O     (2.6) 
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2.6 Elucidation of autotrophic sulfate-reducing mechanisms in biocathodes 
A previous study has indeed demonstrated the ability of pure cultures of Desulfopila 
corrodens IS4 to accept electrons directly from metal surfaces for sulfate reduction to 
sulphide (Dinh et al. 2004). As reported a decade later by Beese-Vasbender et al. 2015a, 
the electron uptake from electrodes by D. corrodens is not limited to iron serving as the 
sole electron donor, but can also take place on graphite and doped germanium cathodes. 
This study showed microbial activity at a cathode potential of -0.4 V vs. SHE and below. 
However, at potentials higher than -0.4 V, no growth of the strain IS4 occurred on the 
electrode within the timeframe of the experiments. To date, only two recent investigations 
have claimed that a non-hydrogen mediated mechanism can drive autotrophic sulfate-
reduction in BESs using mixed cultures (Su et al. 2012; Coma et al. 2013).  
Figure 2.5 shows an overview of putative mechanism of biocathode-driven sulfate 
reduction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Schematic overview of biocathodic sulfate-reducing mechanisms. 
Adapted from (Geppert et al. 2016). 
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While the thermodynamic potential for the reduction of sulfate to sulfide at pH 7 is -
0.21 V vs. SHE (Beese-Vasbender et al. 2013), the cathode potential should be below -
0.41 V vs. SHE if the SRBs use cathodically-generated hydrogen as the electron donor. 
Luo et al. 2014 found that electron recovery efficiencies as sulfide varied widely – from 
5.3% to 50% – between experiments, but the reasons for this were not elucidated. One of 
the reasons for this relatively low electron recovery into sulfide (Eq. 2.7) could be the 
microbial competition for hydrogen, including processes like homoacetogenesis (Eq. 2.8) 
and methanogenesis (Eq. 2.9) (Muyzer & Stams 2008).  
 
Sulfate reduction: 4H2 + SO4
2- + H+ → HS- + 4H2O ΔG
0’: -151.9 kJ     (2.7) 
Homoacetogenesis: 4H2 + 2HCO3
- +H+ → CH3COO
- + 4H2O ΔG
0’: -104.6 kJ (2.8) 
Methanogenesis: 4H2 + HCO3
- + H+ → CH4 + 3H2O ΔG
0’: -135.6 kJ     (2.9) 
 
The electron transfer pathways occurring in biocathodes using mixed microbial 
communities are still unknown, but it is clear that the biofilm can play a significant role in 
decreasing cathode overpotential (Aulenta et al. 2012). It is known that carbon electrodes 
have a high overpotential for hydrogen generation, however, the most efficient electrodes 
for hydrogen production are made from precious metals (eg Pt, Pd), which would be 
inactivated quickly in this environment where high sulfide concentrations are formed. The 
microbially catalysed direct reduction process on carbon electrodes has a considerably 
lower overpotential than the hydrogen production on the graphite electrodes. 
More recently, literature has emerged that proposes different explanations for the 
roles of an active biofilm towards catalysing hydrogen evolution on carbon cathodes. In 
autotrophic microbial electrosynthesis, (Jourdin et al. 2015a) showed that H2-mediated 
electron transfer drives the process of CO2 reduction to acetate and suggested that 
biologically-driven Cu deposition on the electrode surface was responsible for the 
observed increase in hydrogen evolution. Another recent study by Yates et al. 2014 
suggested instead that enhanced hydrogen production resulted from cell debris, with living 
cells not required. Finally, another recent investigation found that cell-derived free 
enzymes such as hydrogenases can interact with cathodic surfaces and catalyse the 
formation of intermediates that are rapidly consumed by microbial cells (Deutzmann, Sahin 
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& Spormann 2015). Even though all these possible explanations of bioinduced-hydrogen 
catalysis have shown hydrogen production rate improvements versus bare carbon 
electrodes controls, there is still lack of experimental evidence for this phenomenon in 
autotrophic sulfate-reducing biocathodes.  
 
2.7 Effect of electrode material on the cathodic biofilm retention and 
current-to-sulfide efficiency  
The application of autotrophic sulfate-reduction using MECs is limited by its long 
start-up time, due to the very low (autotrophic) growth rates and biomass yield of 1.9 g 
cells per mol of electrons with H2 as intermediate versus 4.8 g cells per mol of electrons 
using acetate during heterotrophic growth (Liamleam & Annachhatre 2007). Accordingly, 
biomass retention is critical towards technology scale-up and practical implementation.  
Biomass retention depends on many factors, such as cathode potential, electrode 
material, and type of inoculum used (Geppert et al. 2016; Flexer et al. 2016). Carbon 
electrode materials are a key parameter that affects biofilm attachment and selective 
microbial retention. Several three-dimensional carbon electrodes have been proposed in 
order to increase microbial-surface interaction due to their high conductivity, good 
chemical stability and smooth surface (Jourdin et al. 2015a; Jourdin et al. 2016a; Marshall 
et al. 2012; Virdis et al. 2011). Although some research has been carried out on carbon-
based surface as electron material for autotrophic sulfate removal (Su et al. 2012; Coma et 
al. 2013; Luo et al. 2014; Teng et al. 2016; Blázquez et al. 2016), no single study exists 
which described autotrophic sulfate reduction using three-dimensional coating multiwalled 
carbon nanotubes on reticulated vitreous carbon (MWCNT-RVC) as the electrode material. 
Carbon nanomaterials can potentially enhance the attachment of microorganisms 
(X. Liu et al. 2011). MWCNT-RVC was shown to enhanced microbial adhesion, resulting in 
the highest acetate production rate reported to date for MES (Jourdin et al. 2016a). 
Another study with carbon felt (CF)/multiwall carbon nanotube (MWCNT) composite 
showed an improvement of 16% microbial denitrification vs. carbon felt without 
modification (Rezaee, Safari & Hossini 2015).  
Some previous studies have suggested that the composition of the inoculum has a 
major impact on the bacterial composition of the biofilm (Kroukamp, Dumitrache & 
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Wolfaardt 2010), while other researchers have found that the attachment of archaea is 
also highly dependent on the support material (Habouzit et al. 2014; Nielsen 1987). 
Several authors have identified the role of archaea communities such as 
Methanobacterium as a bio-catalyst for cathodic hydrogen production as an intermediate 
of the sulfate reduction process (Hoppert, Braks & Mayer 1994; Beese-Vasbender et al. 
2015a). A great number of studies still use bromoethanesulfonate to suppress 
methanogenic activity (LaBelle et al. 2014; Zhuang et al. 2012; H. Liu et al. 2011; Chae et 
al. 2010), hence the competition between archaea and bacterial biofilms could be 
overlooked in MEC. Hence, there is a need to understand the effect of the electrode 
material on microbial biofilm development, including archaeal and bacterial communities 
without the influence of any chemical inhibitors. Such knowledge may enable selective 
enrichments that could be used in specific bio-electro-driven process without the need for 
microbial inhibitors. 
 
2.8 Bio-electrochemical system as a resource recovery and treatment 
technology of AMD 
In recent years, various groups have discussed the possibility of using electricity to 
provide sulfate reducing bacteria (SRBs) with the reducing power for sulfate reduction via 
direct or indirect electron transfer mechanisms (Rosenbaum et al. 2011; Su et al. 2012; 
Coma et al. 2013; Luo et al. 2014). Sulfate reduction invariably produces sulfide as the 
end product, which can be readily re-oxidised to sulfate upon contact with oxygen in the 
atmosphere (Janssen, Ruitenberg & Buisman 2001). Therefore, sulfide may need to be 
selectively re-oxidised to elemental sulfur, a principle that has already been demonstrated 
using an electrochemical process (Dutta et al. 2010). While the sulfate reduction is an 
electron and proton consuming reaction (Eq. 7), sulfide oxidation is an electron and proton 
releasing reaction as stated in equation 2.10. 
 
Oxidation reaction (anode)  
HS-/ H2S → S
0(s) + H+/ 2H+ + 2e- E0’= 0.27 V vs. SHE  (2.10) 
Electrochemical sulfide oxidation is an appealing alternative to the conventional 
methods based on oxygen injection. Potential advantages of electrochemical sulfide 
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removal are cost effectiveness, selectivity, and controllability as well as no requirement for 
dosing, transport, and storage of pure oxygen, which carries serious safety issues and 
precise control of dosing is not straightforward (Pikaar et al. 2011a; Dutta et al. 2008, 
2010). Ateya et al. 2007 reported on the direct oxidation of sulfide to elemental sulfur at 
carbon-based anode materials using high sulfide concentrations and predominantly 
operated at low current densities. However, as more sulfur was deposited, the electrode 
surface was progressively passivated. One year later, Dutta et al. 2009 developed an 
efficient and effective regeneration technique based on regular switching between anodic 
sulfide oxidation and cathodic sulfur reduction, which can be applied for practical 
implementation of this technology.  
Sulfide is an electro-active compound which can be removed using electrochemical 
oxidation either in a fuel cell or electrolysis cell mode. Dutta et al. 2008 demonstrated a 
simultaneous power generation (maximum capacity 23 W m-3 of total anodic compartment) 
and sulfide oxidation rate of 0.62 ± 0.1 kg S m-3 d-1 during 2 months of continuous 
operation using potassium ferricyanide as electron acceptor in the cathode. The 
spontaneity of the reaction produced elemental sulfur (>95%) as the final product of sulfide 
oxidation because it requires only two electrons. They also found that applying higher 
anodic potentials from -100 mV vs. SHE elemental sulfur remained the only significant final 
product. However, when the anodic potential was reduced to ≤-300 mV vs. SHE, 
elemental sulfur was reduced to sulfide or polysulfide. Dutta et al. 2010 also investigated 
the biosulfide removal from paper mill anaerobic effluent using two chamber 
electrochemical systems. At the anode biosulfide oxidation takes place at +0.271 V vs. 
SHE and hydrogen evolution reaction (HER) and caustic production occur at the cathode. 
In that particular case, sulfur recovery from AMD could provide additional advantages of 
production of hydrogen and alkaline solutions needed for acid neutralisation.  
Although some research has been carried out on electrochemical oxidation using 
sulfide or biosulfide with high levels of COD (2100 ± 800 mg L-1), no single study exists in 
which biosulfide without organics (mining context) is treated electrochemically. Scanning 
electron microscope (SEM) coupled with Energy-dispersive X-ray spectroscopy (EDS) has 
been applied several times to detect electrodeposition of elemental sulfur (Dutta et al. 
2009; Blázquez et al. 2016). However, the various oxidation states of sulfur atom from II to 
VI cannot be distinguished with EDS, which only reveals the elemental composition 
(Toniazzo et al. 1999). Elemental sulfur can be readily separated from the water stream 
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and may be beneficially reused (e.g. in agriculture or for sulfuric acid production) or 
disposed of in a controlled location. This will remove sulfur from the system and will reduce 
the salinity of these sulfate-rich waters. The sulfide oxidation reaction can be coupled to 
cathodic hydrogen generation as stated in equation 2.11. 
 
Reduction reaction (Cathode) 
2H2O + 2e
- → 2OH- + H2        (2.11) 
 
Metals (Me) from AMD can be then precipitated as hydroxides without chemical 
dosing using electricity to raise the pH of AMD as previously described (Bejan & Bunce 
2015; Chartrand & Bunce 2003) and as stated in Eq. 2.12. 
 
Me2-3+ + 2OH-/3OH- → Me(OH)2-3(s)       (2.12) 
Chemical treatment of AMD generates a metal sludge that settles slowly, as an 
example a sludge volume index (SVI) of 377 mL g-1 can be achieved with NaOH 
precipitation at pH 10 (Djedidi et al. 2009). The presence of highly acidic effluents 
containing sulfate involves the formation of large quantities of secondary precipitates such 
a CaSO4 ·2H2O which settle slowly than Cl
- matrixes (Yan, Chai & Li 2013; Djedidi et al. 
2009). On the contrary, the removal of sulfate from AMD improves metal hydroxide settling 
with SVI of 121 mL g-1 (Tabak et al. 2003).. The optimum pH for removal of most of the 
heavy metals from AMD by chemical precipitation process using sodium hydroxide is 8 
except for Ca, Sr and B (pH 10 or higher) (Fu & Wang 2011). However, the removal of 
metals present in AMD can be increased with the current density (Oncel et al. 2013). As 
an example, the electrocoagulation (EC) process was able to achieve higher removal 
efficiencies (>99.9%) at pH of 2.5 as compared to the results obtained with the chemical 
precipitation at pH 8 (Nariyan, Sillanpää & Wolkersdorfer 2017). In similar condition, BESs 
could enhance metal removal from AMD in particular, but has not been investigated to 
date. 
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3  THESIS OVERVIEW 
 
Chapter 3 provides an overview of the knowledge gaps, followed by the research 
questions of this PhD thesis. 
 
3.1  Knowledge gaps 
As already discussed in Chapter 2, the literature has shown that there are 
knowledge gaps in relation to the use of cathodes as the sole electron donor to drive 
autotrophic sulfate reduction. Specifically, an autotrophic BES study reporting start-up 
time, microbial composition and SRR are not available in literature. Furthermore, the 
elucidation of the electron flux pathways that occur in autotrophic sulfate reduction 
biocathodes and the role of the biofilm on sulfate reduction and hydrogen catalysis are not 
know. In addition, the effect on the electrode material on sulfate reducing biofilm retention 
and the fraction of the electrons that end up in sulfide have not been investigated. Finally, 
an application of BES based on the sulfur-cycle for the treatment of real AMD is not 
available, and the feasibility of resource recovery and treatment from AMD has not been 
investigated. Electrochemical sulfide oxidation has been performed by several authors. 
However, an integrated process including the bioelectrochemical driven sulfate reduction 
and electrochemical sulfide oxidation to recover sulfur, metals and water has not been 
proposed yet. This novel process, thus demands (1) a proof of concept using real AMD, 
(2) lab-scale studies to elucidate whether a bio-electrochemical system can effectively 
regulate the sulfur-cycle and achieve treatment and resource recovery from AMD and (3) 
studies to determine the factors affecting the performance of both processes prior its 
applicability at full scale.  
As a consequence, the overall goal of this thesis is to develop a sustainable 
process for practically permanent treatment and resource recovery from AMD. Based on 
the identified knowledge gaps, the following research questions have been formulated: 
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3.2  Research questions 
Research theme 1: Feasibility of using a cathode as electrode donor for 
autotrophic sulfate-reduction. 
Research questions 
Are sulfate reducing microbial communities capable to directly utilizing a carbon-
based cathode as electron donor for autotrophic sulfate reduction, or via 
bioelectrochemically-produced H2?. What is the effect of the inoculum on the successful 
enrichment of an autotrophic sulfate-reducing biocathode? 
The first aim of this thesis is to prove that autotrophic sulfate reduction to sulfide 
can be achieved with a cathode as the sole electron donor in BES without organic 
compounds or hydrogen supply. Furthermore, this thesis aims to link start-up time and 
SRR to microbial community composition. It was hypothesised that SRB species can 
directly accept electrons from polarised-carbon surface in a more direct manner than via 
H2 consumption. To test this hypothesis, Different inoculum sources including mangroves 
sediments, sewer biofilms and anaerobic digesters were tested at the cathode. To 
stimulate the development of a cathodophilic biofilm for direct sulfate reduction, the 
electrodes of the BESs were connected to a potentiostat to impose a fixed potential 
(potentiostatic start-up). The challenge is to generate a self-maintaining sulfate-reducing 
biocathode under autotrophic conditions using sulfate and carbon dioxide as the sole 
sulfate and carbon source. The experiments and results for this research questions are 
detailed in Chapter 5 and in the peer-reviewed publication: Methanobacterium enables 
high rate electricity-driven autotrophic sulfate reduction, RSC Adv. 5 (2015) 89368–89374. 
 
Research theme 2: Mechanisms of electricity-driven autotrophic sulfate reduction. 
Research questions 
What fraction of electrons can be recovered as sulfide? What is the mechanism of 
electricity-driven sulfate reduction? What is the role of the cathodic biofilm on sulfate 
reduction and hydrogen catalysis? 
The second goal of this thesis has been to identify and quantify the sinks of 
electrons that occur in autotrophic sulfate reduction biocathodes. It was hypothesized 
that the cathodic biofilm is involved in the production/consumption of hydrogen in the same 
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biofilm. To test this hypothesis, an integrated approach was used comprising (i) 
electrochemical tools, including chronoamperometry and linear sweep voltammetry; (ii) 
liquid phase chemical analysis; and (iii) real-time off-gas measurement by mass 
spectrometry. Method development was carried out under controlled pH conditions with 
SO4
2- and CO2 as the sole electron acceptors. This objective aimed to elucidate the role of 
the biofilm on sulfate reduction and hydrogen catalysis. The experiments and results for 
this research questions are detailed in the Chapter 6 and in the peer-reviewed publication: 
Cathodic biofilm activates electrode surface and achieves efficient autotrophic sulfate 
reduction, Electrochim. Acta. 213 (2016) 66–74. 
 
Research theme 3: Effect of the electrode material on the selective biofilm 
retention.  
Research questions 
What is the effect of the electrode material on the SRR? How do electrode material 
impact biofilm retention? What is the power consumption required to drive autotrophic 
sulfate reduction process? 
In this thesis, the effect of electrode material was investigated including CG and 
MWCNT-RVC on biofilm retention and the fraction of the electrons that end up in sulfide. 
The power consumption of the BES was also assessed at a fixed cathode potential and 
pH. Using this knowledge, the use of electrodes that allow selective retention could be 
beneficial for a specific electro-driven process without the needs to add chemicals for 
microbial inhibition growth. It was hypothesized that a nano-modified three-dimensional 
(MWCNT-RVC) will improve biofilm retention and coulombic efficiency in sulfide than the 
use of CG based on the higher surface of MWCNT-RVC.  
The experiments and results for this research questions are detailed in Chapter 7 
and in the peer-reviewed publication: Selective cathodic microbial biofilm retention allows 
a high current-to-sulfide efficiency in sulfate-reducing microbial electrolysis cells, 
Bioelectrochemistry. 118 (2017) 62-69. 
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Research theme 4: Feasibility of combining a two-cell BES for water treatment and 
resource recovery from AMD. 
Research questions 
Is it possible to combine a two-cell BES for practically permanent AMD treatment 
without chemical dosing? Can metals and sulfur be recovered after BES treatment? What 
are the optimal operational conditions? 
The chief objective of this thesis was to investigate the feasibility of a combined 
two-cell BES to recover water, metals and sulfur for up-stream reuse. Another aspect of 
this research objective was focused on the concomitant separation of metals into more 
concentrated volumes. The settling rates and chemical composition of the enriched metal-
sludge were evaluated from measurements after AMD treatment with the BES and 
chemical dosing as a way of comparison.  
It was hypothesized that sulfur cycle will be positively regulated using a two-cell 
BES setup based on the removal of sulfate from the ongoing reduction-oxidation sulfur 
cycle. In order to elucidate whether a BES can effectively regulate the sulfur-cycle and 
achieve sulfur recovery from AMD, a feedback control system was installed to manipulate 
the sulfide oxidation reaction. The experiments and results for this research questions are 
detailed in Chapter 8. 
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4  GENERAL RESEARCH MATERIAL AND METHODS 
 
Chapter 4 gathers together all the general experimental materials and methods 
used in this work, including source of sulfate-reducing microorganisms, bioelectrochemical 
reactor setups and operation, electrode materials, electrochemical experiments and 
techniques, analytical methods, titration and off-gas analyses, microscopy techniques and 
microbial community analysis.  Methods that are specific to individual experiments will be 
described in the respective results chapters. 
 
4.1 Source of sulfate-reducing microorganisms 
Two inocula were investigated: (1) Non-acclimated mixed microbial inoculum (NAI) 
and (2) Electroactive inoculum (EI) from a CO2-reducing biocathode. The non-acclimated 
inoculum was a combination of microbial samples collected from sewer biofilm reactors 
(Jiang et al. 2009), anaerobic sludge from the Luggage Point Waste Water Treatment 
Plant digester (Brisbane, Australia) and samples of mangrove sediments located at the 
Brisbane Botanic Gardens (latitude -27.478520, longitude 153.03014) in a 1:1:1 weight 
ratio. The electroactive inoculum was a mixture of the aforementioned non-electroactive 
inoculum (after 180 days of operation in BES) and planktonic microbial consortia from 
autotrophic acetate-producing bioelectrochemical reactors (Jourdin et al. 2015a) in a 1:1 
weight ratio. The catholyte was modified M9 medium containing 6 g L-1 Na2HPO4, 3 g L
-1 
KH2PO4, 0.1 g L
-1 NH4Cl, 0.5 g L
-1 NaCl, 0.04 g L-1 MgCl2·6H2O, 0.015 g L
-1 CaCl2, and 
1 mL L-1 trace elements solution as previously described (Jourdin et al. 2015b). A final 
concentration of 0.12-1.5 g L-1 NaHCO3 and 2.2 g L
-1 Na2SO4 were added every 3-5 days 
as sole carbon and sulfate sources. The medium was prepared under anaerobic 
conditions (flushed with 100% N2).  
 
4.2 Reactor setups and operation modes 
4.2.1 Fed-batch sulfate-reducing bioelectrochemical operation 
The fed-batch reactor described in Figure 4.1 was used in Chapter 5 and 6. A 
custom-made borosilicate bottle (liquid volume 0.5 L) hosted the cathode working 
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electrode, while the counter electrode (anode) was confined in a glass tube inserted into 
the bottle and separated from the latter by a cation exchange membrane (CEM) (Ultrex 
CMI-7000, Membranes International Inc., USA). The cathode consisted of two pieces of 
plain carbon cloth (Fuel Cell Store, USA) cut in a rectangle of 85 × 25 × 1 mm. The 
effective surface area of the cathode was therefore 85 cm2 (taking into account that there 
were two pieces of cloth and both sides were exposed) for a specific surface area of 17 m2 
m-3. Figure 4.1 shows a schematic layout of the BES setup that was used in Chapter 5 and 
6.  
 
Figure 4.1. Schematic layout of the BES setup. 
As a pre-treatment, the electrodes were cleaned by immersion in RO water: 
isopropanol 1:1 solution 3 times, rinsed in deionized water and pre-treated in N2 plasma 
for 15 minutes to remove organic and metal contamination (Flexer et al. 2016). Ti mesh 
connected to the carbon cloth was used as current collector. The cathode chamber was 
initially sparged with nitrogen to ensure anaerobic conditions. The anode chamber 
consisted of a 16-cm long glass tube (1cm diameter) inserted through the top (14 cm3), 
with platinum wire as counter electrode (purity 99.95%, 0.50 mm diameter x 50 mm long, 
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Advent Research Materials Ltd, UK). A KCl saturated Ag/AgCl reference electrode (+197 
mV vs. SHE) was inserted in proximity of the cathode. All potentials are reported versus 
SHE. 
 
4.2.2 Continuous sulfate-reducing bioelectrochemical operation 
All results described in Chapter 7 and 8 were carried out with continuous BES 
setup. All experiments were performed at room temperature (20 ± 2°C). Biofilm cells were 
collected from the batch sulfate reducers BES described in Chapter 6 and used as 
inoculum for the continuous operation. The BESs were fed with a synthetic phosphate-
buffered inorganic medium as catholyte according to composition described on fed-batch 
operation.  
Sodium sulfate acted as sulfate source with a final concentration of 2.3 g SO4
-2-S L-1 
while sodium bicarbonate was used as a carbon source at a concentration of 0.5 g L-1. The 
composition of the anolyte was 20 mM of FeSO4·7H2O and the pH was dropped to 2.7 with 
H2SO4. The synthetic sulfate-rich medium was supplied at a sulfate loading rate from 21 to 
309 g SO4
2--S m-2 d-1 (Chapter 7). To achieve good mixing, recirculation of the catholyte 
was performed at a rate of 15 L h−1 around the cathode compartment where sulfate 
reduction occurred (see Figure 7.1).  
 
4.3 Electrochemical monitoring and techniques 
4.3.1 Electrochemical monitoring 
Two different multichannel potentiostats were used in this thesis to control the 
cathode potential of the sulfate-reducing biocathodes (Cell 1), namely a CHI1000B (CH 
Instruments, USA) and a VMP-3 (Bio-Logic SAS, France). The sulfide-oxidation 
electrochemical cell (Cell2) was potentiostatically controlled using a Wenking potentiostat 
(KP07, Bank Elektronik, gmbH, Germany). The current was recorded every 60 s using an 
Agilent 34970A data acquisition unit. Various electrochemical techniques were used. 
Chronoamperommetry. This technique was applied to monitor and record a current 
while controlling the cathode potential of the sulfate-reducing biocathodes (Cell 1). A KCl 
saturated Ag/AgCl was used as reference electrode (+197 mV vs. SHE) which was 
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inserted in a proximity of the working electrode to impose a fixed cathode potential of -0.9 
V vs. SHE (Chapter 5) and -1.1 V vs. SHE (Chapter 6,7,8). The anodic half-cell potential 
was measured as the difference between the cell voltage and cathode potential (Bard, 
Inzelt & Scholz 2012). 
Cyclic Voltammetry. This technique was applied to identify any catalytic effects of 
the microbial inoculum (Chapter 5, 7). The scan range of the CV was from -0.1 to -1.2 V 
vs. SHE at a low scan rate of 1 mV s-1 to minimise the interference from capacitive 
currents (Harnisch & Freguia 2012). 
Linear sweep voltammetry. This technique was coupled to off-gas measurement to 
follow the electron fluxes at a slow scan rate of 0.1 mV s-1.  A scan range from -0.2 to -1.2 
V vs. SHE was applied during experiments (Chapter 6). 
 
4.4 Gas/liquid/solid phase monitoring 
4.4.1 Gas-phase analysis 
Titration and off-gas analysis (TOGA) sensor. Real-time quantification of gases was 
carried out with an off-gas analysis (TOGA) sensor (Gapes & Keller 2001; Pratt et al. 
2003) (see schematic layout in Chapter 6). 
 
4.4.2 Liquid-phase analysis 
Sulfur species measurements. Sulfide (HS--S), sulfite (SO3
2--S), thiosulfate (S2O3
2--
S) and sulfate (SO4
2--S) concentrations were measured using an ion chromatograph (IC) 
with a UV and conductivity detector (Dionex ICS-2000, Sunnyvale, USA) after filtration with 
0.22 μm filters (Millipore, USA). A sulfide anti-oxidant buffer (SAOB) solution developed by 
Keller-Lehmann et al. 2006 was used to minimise oxidation of sulfide as well as to dilute 
the samples where necessary. The difference between the sulfate after H2O2 oxidation and 
other species measured before H2O2 oxidation was regarded as polysulfides, as described 
elsewhere (Dutta et al. 2009). In order to evaluate the controlled sulfide oxidation to 
elemental sulfur, a sulfur balance was carried out using 0.1M of Na2S·×H2O at pH 7.6 
simulating a typical biologically-produced sulfide concentration. Elemental sulfur was 
assumed to be the difference between the total sulfide added and the soluble sulfur 
species (i.e. sulfide, sulfite, thiosulfate, sulfate and polysulfide) (Pikaar et al. 2011b). Total 
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sulfur species in the precipitation vessel were determined using inductively coupled 
plasma - optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 3300DV). 
Volatile fatty acids (VFAs) measurements. VFAs measurements were conducted 
using a gas chromatography (GC) apparatus (Agilent Technologies 7890A GC System, 
USA) equipped with a flame ionization detector with a limit of 2 ppm (Chapter 6). 
Major and trace metals measurements. Inductively coupled plasma- optical 
emission spectrometry (ICP-OES, 7300DV, PerkinElmer) was employed to analyse major 
metal concentration in the AMD. The determination of Fe2+ and Fe3+ was possible using 
the iron cell test spectroquant® 114896 (Merck, Germany). Inductively-coupled plasma 
mass-spectrometer (ICP-MS, 7900, Agilent) was used to analyse rare earth elements and 
yttrium (REY) composition with high precision (below 5 % relative standard deviations at 
low ppb levels).  
 
4.4.3 Solid-phase analysis 
Major and trace metals measurements. The same ICP-OES, 7300DV, PerkinElmer 
was employed to analyse major metal concentration on BES-sludge and chemical sludge 
(after treatment) (Chapter 8). Inductively coupled plasma – mass spectroscopy (ICP-MS, 
7900, Agilent) was used to analyse rare earth elements and yttrium (REY) composition on 
BES-sludge and chemical sludge (after treatment). 
Metal-sludge sedimentation test. Total suspended solids (TS) and volatile 
suspended solids (VSS) were analysed according to Standard Methods (Eaton et al. 
1998). Sedimentation tests were carried out in graduated cylinders of 1000 mL to 
determine the sludge volume index (SVI) and the final sludge volume. After 11 days of 
BES treatment, 1000 mL of treated AMD was transferred from the precipitation unit (PU) to 
the graduated cylinders, thoroughly mixed and allowed to settle for 24 h. As a way of 
comparison, 1000 mL of AMD was precipitated with NaOH 0.1 M after reaching pH 7.3. 
The height of sludge–water interface was recorded against the time. The volume of the 
sludge occupied by VSS after 30 min of settling was used to calculate the SVI (Pozo et al. 
2012; Herrera et al. 2007), defined as mL g-1. After settling, a dewatering test was 
performed by centrifuging at 4000 g for 30 min (Centrifuge Centurion Scientific K3, UK). 
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4.5 Electrode surface analysis 
Inorganic and organic substance analysis from sulfate-reducing biocathodes. 
Electrode surface from unused carbon cloth, bioactive cathodes and cathodes after biofilm 
killing were analysed by scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDS) (Chapter 6). All electrode samples were dehydrated in a Thermotec 
2000 oven (24 h at 35 °C) and subsequently iridium-coated (QT150TS Turbo-pumped 
coated, Argon purged). A Philips XL30 (LaB6 source electron gun) Scanning Electron 
Microscope was used in secondary electron mode for imaging. The same equipment was 
used to collect EDS data and to perform an elemental analysis. All images were acquired 
at 20 kV accelerating voltage and 10–12mm working distance. Furthermore, the protein 
content of the electrode surface was analysed using Thermo Scientific Pierce BSA Protein 
Assay (USA) (Wiechelman, Braun & Fitzpatrick 1988), which is based on bicinchoninic 
acid (BCA) for the colorimetric detection and quantitation of total protein. The 
macromolecular structure of a protein, peptides and the presence of four amino acids 
(cysteine, cystine, tryptophan and tyrosine) are reported to be responsible for colour 
formation with BCA. 
Sulfur deposition on electrode after sulfide-oxidation experiments. CG were 
collected before and after sulfide oxidation in Cell 2 (Chapter 8). Uncoated samples were 
imaged and Energy Dispersion Spectrometry (EDS) surveyed employing an XL30 Philips 
(LaB6 source electron gun) Scanning Electron Microscope (SEM) in secondary and 
backscattered electrons mode using 10 KV accelerating voltage. Raman spectroscopy 
measurements were also performed at room temperature using an Alpha 300 
Raman/AFM (WITek GmbH, Ulm, Germany) equipped with a 40×, N.A. 0.6 objective 
(Nikon). A frequency-doubled continuous-wave Nd:YAG laser stabilized at 532 nm was 
used for excitation. Raman signals were collected with a 50 μm optical fibre with a 
resolution of 4 cm−1. For all the measurements, the laser power at the sample was less 
than 5 mW. Typically, spectral acquisition was done at integration times of 30 ms, which 
provided to be sufficient to obtain high-contrast spectra for the detection of elemental 
sulfur. All depth images have been constructed by collecting spectra on 150 points/line at a 
scan linewidth of 80 μm. 
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4.6 Microbial community analysis 
Confocal laser scanning microscopy coupled to fluorescence in situ hybridization 
analysis (CLSM-FISH) analysis. CLSM-FISH of the sulfate-reducing biocathode was 
performed on an identical duplicate reactor, operated using the same setup and 
experimental conditions and showing high SRR in close agreement with the reactor 
coupled to the TOGA sensor (Chapter 6). Samples of carbon cloth electrodes were 
collected in duplicate from the cathode compartment after 120 days of operation. The 
biofilms were first fixed with 4% paraformaldehyde (PFA) for 2 hours and then washed with 
phosphate-buffered saline (PBS) (130mM sodium chloride, 10mM sodium phosphate 
buffer, pH 7.2). The paraformaldehyde (PFA) was diluted in 50 ml phosphate buffered 
saline (PBS; 130 mM NaCl, 10 mM Na2HPO4/NaH2PO4, pH 7.4). Fixed samples were 
stored in 1:1 100% ethanol:PBS. The fluorescent in situ hybridization (FISH) analysis was 
performed directly on the biocathode according to the protocol described by Amann et al. 
1992. Three oligonucleotide FISH probes were used for microbial community analysis of 
the cathodic biofilm. All bacteria were detected with Cy3 red (EUB338mix) (Amann, 
Krumholz & Stahl 1990), Methanobacteriales were detected with FITC green (MB1174) 
(Raskin et al. 1994), and sulfate-reducing bacteria were targeted by SRB385 with FITC 
green (Amann et al. 1992). Sulfate reducers appeared as yellow cells, since they were 
labelled with both EUB338 (Cy3 red) and SRB 385 (FITC green). All samples were 
subsequently viewed under an Axioscope LSM510 confocal microscope (Zeiss, Germany).  
3D images were created from z-stack of varying heights (depending on the height of the 
biofilm) and constructed using Zeiss 3D imaging software (ZEN lite). The thickness 
analysis of the same three-dimensional biofilm image stack was also performed using the 
software COMSTAT (Heydorn et al. 2000). Fifteen images from the bottom layer close to 
the electrode (0-5 µm), middle (6-10 µm) and the top (11-15 µm) were extracted 
respectively for quantification using digital image analysis (DAIME) as described in Daims 
et al. 2006. 
Amplicon sequencing and data analysis. The composition of bacterial and archaeal 
communities was evaluated by high-throughput microbial community profiling. Genomic 
DNA was extracted from 50 mg of raw sample using an initial bead beating step followed 
by extraction using the Maxwell® 16 Research Instrument (Promega, USA). Four samples 
were analysed in Chapter 5: non-acclimated initial inoculum (referred to as NAI), non-
electroactive inoculum after 180 days of operation (hereafter NEI-180), electroactive 
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inoculum after 55 days of operation as planktonic cells (AI-P) and in the biofilm (AI-B). Two 
biofilm samples were collected directly from the electrode at day 58 of operation (Chapter 
7). DNA concentration was measured using a Qubit assay (Life Technologies, Carlsbad, 
CA) and standardized to 5 ng µl-1. The DNA samples were then provided to Australian 
Centre for Ecogenomics (ACE) for 16S rRNA Amplicon paired-end sequencing by MiSeq 
Sequencing System (Illumina) using the 926F (5’-AAACTYAAAKGAATTGRCGG-3’) and 
1392R (5’-ACGGGCGGTGWGTRC-3’) primers set (Engelbrektson et al. 2010). Prior to 
analysing the sequencing data, a pre-processing approach was adopted to ensure that  
adapter sequences would not be incorporated into the newly assembled genome, 
according to the procedure used by Bolger et al. 2014. Raw paired reads were first 
trimmed by trimmomatic to remove short (less than 190 bp) and low quality reads (lower 
than Phred-33 of 20). The trimmed paired reads were then assembled by Pandaseq with 
default parameters (Masella et al. 2012). Once the paired reads were assembled, the 
adapter sequences were removed using FASTQ Clipper of the FASTX-Toolkit (Pearson et 
al. 1997). High quality joined sequences were analysed using QIIME v1.8.0 (Werner et al. 
2012). An open-reference operational taxonomic units (OTUs) picking approach was 
applied at 3% phylogenetic distance and taxonomic identification was assigned by uclust 
(Edgar 2010) against the greengenes database (McDonald et al. 2012; Werner et al. 
2012). OTUs with only one read through all samples were filtered from the OTUs table by 
command filter_otus_from_otu_table.py in QIIME. Filtered OTUs table was normalised by 
cumulative-sum scaling method using metagenomeSeq (Paulson et al. 2013) in R (version 
3.2.1; R core team, 2015). Normalised OTUs table were imported to Galaxy (Giardine et 
al. 2005) for gene copy number correction and generation of the final OTUs table by 
CopyRighter (Angly et al. 2014). 
Statistical analyses of sequencing data. The final OTUs table of the community 
analysis of Chapter 5, was imported into R v3.2.1 for statistical analysis. A principle 
component analysis (PCA) was generated using Euclidean distance with the rda function 
in the package “vegan” (Oksanen et al. n.d.) on Hellinger transformation datasets 
(Legendre & Gallagher 2001). A heat map was subsequently generated using the top 20 
OTUs with high standard deviation among samples with function heatmap.2 in the “gplots” 
package (Warnes et al. 2009). The normalized (OTUs) table of the community analysis of 
Chapter 7 was then summed to genus level and used to produce Krona charts (Ondov, 
Bergman & Phillippy 2011).  
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5 METHANOBACTERIUM ENABLES HIGH-RATE ELECTRICITY-
DRIVEN AUTOTROPHIC SULFATE REDUCTION 
 
5.1  Abstract  
The autotrophic reduction of sulfate can be sustained with a cathode as the only 
electron donor in BES. Chapter 5 describes the effect of inoculum source on autotrophic 
sulfate reduction start-up and performance of autotrophic sulfide production rates using a 
biocathode in fed-batch operation mode. After 180 days, low electron and sulfate 
consumption was observed using BES controlled at -0.9 V vs. SHE and inoculated with 
mixed microbial consortia from sewer biofilm reactors, anaerobic sludge and mangrove 
sediments. However, when an enriched electroactive consortium capable of cathodic CO2 
reduction to acetate was used as biocatalyst in combination with the above inocula, the 
maximal cathodic current increased to -3.4 A m-2 within 55 days at the same applied 
potential. High-throughput microbial community sequencing revealed that enhanced 
performance was likely caused by the enrichment of hydrogen-producing 
Methanobacterium (26% relative abundance). The biofilm and planktonic cells also 
contained the autotrophic hydrogen and sulfate consumer Desulfovibrio at 2.8% relative 
abundance. The resulting microbial community demonstrated sulfate and electron 
consumption rates of 0.115 ± 0.009 mol SO4
2- -S m-2 d-1 and 1.5 ± 0.7 mol m-2 d-1 (39 times 
higher SRR and 186-fold cathodic electron consumption rate than control reactors with 
same configuration but lacking the enriched electroactive consortia). Cyclic voltammetry 
furthermore revealed a positive shift of the cathodic onset current by ~0.2 V, which points 
to the electrocatalytic role of the biocatalyst. 
 
5.2  Specific methods  
Four three-electrode BESs (Figure 5.1) were operated in fed-batch mode at room 
temperature (20 ± 30C) and dark with a further identical but abiotic control reactor operated 
in the same conditions for one month.  
The operation of the BESs was under constant stirring conditions by the use of a 
cross-shaped, polytetrafluoroethylene (PTFE) coated magnetic stirrer 30 mm long x 10 
mm height and a stirring rotation rate of 200 rpm. BESs (0.5 L) were built as described in 
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section 4.2 and two pieces of plain carbon cloth (Fuel Cell Store, USA) were used as a 
cathode material in each reactor. The effective surface area of the cathode was 85 cm2 
taking into account that there were two pieces of cloth (85 x 25 x 1 mm) and both sides of 
each piece were exposed to the medium. A cation exchange membrane (Ultrex CMI-7000, 
Membranes International Inc., USA) was used between anode and cathode in order to 
prevent SO4
2- transfer from cathode to anode. Two ports were equipped with butyl-rubber 
septa to take samples from both the liquid phase and the headspace. A gas bag (SKC 
standard Flexfoil, Air-Met Scientific Pty Ltd, Australia), specified for collection of CO/CO2, 
H2, H2S and CH4 was connected to the reactor to measure gas composition and avoid 
overpressure within the cathode chamber. Two BESs were inoculated with 10 mL of Non-
acclimated mixed microbial inoculum (NAI) and another two with 10 mL of Electroactive 
inoculum (EI) (see section 4.1). The composition of the growth medium was a phosphate-
buffered mineral medium as previously described in section 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Photo of fed-batch BES. 
During the experiment, the catholyte medium was replaced every 3-5 days with 400 
mL of fresh medium to prevent the impact of salinity and sulfide build-up on the 
performance of sulfate reducing reactors. The catholyte pH was adjusted to 7.3 at the 
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same time. The reactors performance was evaluated for each different inoculum applied 
by sampling of the liquid phases and online current measurements. The frequency of 
sampling was every 10 days for reactor with NAI and every 1-2 days for reactors 
inoculated with EI.  
The effect of electron acceptor on pH, current density and products formation were 
evaluated electrochemically at -0.9V vs. SHE. Batch A was loaded with SO4
2--S/IC at a 
molar ratio of 11:1 (mol/mol) to favour sulfate reduction. In Batch B, fresh medium with no 
sulfate nor bicarbonate was used to establish whether hydrogen was the main electron 
donor. Subsequently, Batch C reintroduced SO4
2--S:IC at a ratio of 1.2:1 to try to elucidate 
competition under no substrate limitation. In Batch D, 174 mg IC L-1 was added but without 
sulfate. Finally, a short-term experiment with 475 mg SO4
2--S/L but no inorganic carbon 
was run to confirm that acetate was not the intermediate for the sulfate reduction process 
(Batch E). We effectively remove the possibility to make acetate, then it is unlikely that 
acetate is involved as intermediate electron donor for sulfate reduction. 
 
5.3 Results and discussion 
5.3.1 Establishing an autotrophic sulfate-reducing BES 
The cumulative electron and sulfate consumption of duplicate reactors is plotted in 
Figure 5.2. The rate is calculated as the slope of this curve at each interval time. After 180 
days of chronoamperometry test using non-electroactive mixed microbial inoculum, a low 
electron consumption of 0.008 ± 0.005 mol m-2 d-1 was recorded, while sulfate was 
consumed at the rate of 0.0029 ± 0.001 mol SO4
2--S m-2 d-1 (see Figure 5.2A), with no 
significant differences for electron and sulfate rates consumption between duplicates. A 
186-fold increase in cathodic electron consumption rate to 1.5 ± 0.7 mol m-2 d-1 was 
attained 55 days after inoculation when using an electroactive inoculum in duplicate 
reactors using an identical configuration and conditions (Figure 5.2B). This electroactive 
inoculum also exhibited a 39-times higher sulfate consumption rate of 0.115 ± 0.009 mol 
SO4
2--S m-2 d-1, which corresponds to 188 ± 14 g SO4
2- m-3 day-1 or 11.1 ± 0.9 g SO4
2- m-2 
day-1 (normalization to reactor volume and surface area, respectively).  
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Figure 5.2. Cumulative electron and sulfate consumption in fed-batch BES (A) Non-
electroactive mixed microbial inoculum and (B) Electroactive mixed microbial consortia. 
 
It is important to mention that these levels of sulfate reduction were achieved in fed-
batch mode and at room temperature (20 ± 30C). In comparison, Luo et al. 2014 reported a 
maximum volumetric sulfate reducing activity of 16 g SO4
2- m-3 day-1 also in fed-batch but 
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with a cathode potential of -0.6 V vs. SHE, whilst Su and colleagues, 2012 attained 15 g 
SO4
2- m-3 day-1 at -0.2 V vs. SHE and Coma et al. 2013 achieved up to 60 g SO4
2- m-3 day-1 
at -0.26 V vs. SHE but using a continuous-flow system completely filled with granular 
graphite (thus increasing the working surface-to-volume ratio). 
From cyclic voltammetry, no redox activity was detected in abiotic conditions 
between -0.1 to -1.1 V vs. SHE at pH 7.3. The flat CV profile of the abiotic reactor stood in 
contrast with the reduction wave seen in the non-electroactive reactor after 180 days of 
operation as shown in Figure 5.3. However, the most remarkable shift of the reductive 
wave onset was attained with the electroactive inoculum, almost 0.2 V higher than the 
reactors with non-electroactive inoculum. 
 
Figure 5.3. Cyclic voltammetry on abiotic (black trace), non-electroactive mixed 
microbial inoculum after 180 days of operation (blue trace), and electroactive mixed 
microbial consortia after 19 days of operation (red trace). Scan rate of 1 mV s-1, three cycles. 
 
This reductive wave shift is consistent with CVs obtained from BESs with live 
biocathodes producing hydrogen, acetate and methane (Jourdin et al. 2015a; Marshall et 
al. 2012). Accordingly, a much higher cathodic current of about -1.2 A m-2 was achieved at 
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– 0.9 V vs. SHE after 19 days of operation while current consumption using a non-
acclimated inoculum remained at -0.07 A m-2 at the same potential and pH. 
 
5.3.2 Microbial diversity and links to autotrophic sulfate reduction 
The sulfide production rate increased alongside current and sulfate consumption as 
described in Figure 5.4 (A and B). The current density increased for the first 20 days after 
inoculation from -0.54 ± 0.03 to -1.60 ± 0.06 A m-2, however there was no sign of sulfate 
reduction until day 25. It can be observed that after this lag phase (25 d), sulfide as end-
product of sulfate reduction began to be produced in both replicate BESs. After repeated 
catholyte medium replacements, the current density picked up to -3.4 A m-2 and sulfide 
production increased to 0.112 ± 0.009 mol HS- m-2 day-1. Due to the high demand of 
protons (8) for sulfate reduction process, the pH increased to over 8 (Figure 5.5) at the 
cathode side, and as a result a decrease of current can be observed in Fig.5.4.  
After sulfate depletion, the media was replaced with fresh catholyte and the pH was 
reduced to 7.2 as indicated by the arrows. Coproduction of acetic acid and methane (data 
not shown) was not observed throughout this study when sulfate was present as electron 
acceptor. To date, three papers reported that autotrophic sulfate reduction could be 
attained in BESs (Su et al. 2012; Coma et al. 2013; Luo et al. 2014) but only two of them 
reported sulfide production rate as volumetric unit. Unfortunately, there has been no 
detailed information about surface area of electrodes as a way of comparison.  
In this study, the maximum sulfide production rate was 0.53 mol HS--S m-2 d-1 
equivalent to 288 g HS--S m-3 d-1. The electron recovery or coulombic efficiency in sulfide 
was 56% in one reactor at -0.9 V vs. SHE.  This volumetric rate is 137 times higher than of 
the BESs driven by a mixed community at -0.6 V vs. SHE in fed-batch operation 
developed by Luo et al. 2014. The same authors also reported sulfide production rates of 
2.6 g HS--S m-3 d-1 using continuous operation, which is 110 times lower than the rate 
reached in this study in fed-batch operation mode. Su et al. 2012 found that sulfide 
production reached a maximum of 4.8 g HS--S m-3 d-1 in BES with polarized electrodes 
(−0.2 V vs. SHE) as the sole electron donor, 60 times lower than the rate achieved in this 
work. 
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Figure 5.4. Current density and sulfide (HS--S) production rate for duplicate reactors 
(A and B) using electroactive inoculum at applied cathode potential of -0.9 V vs. SHE. 
Coulombic efficiencies to sulfide in duplicate reactors (C). The arrows show the day of 
medium exchanges where sulfate was added and pH adjusted to 7.2.  
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5.3.3 Effect of electron acceptor on pH, current density and products formation 
The effect of electron acceptor (SO4
2--S/IC) on pH, current density and products 
formation was studied at Ewe -0.9 V vs. SHE. As summarised in Figure 5.5, the products 
profile shows that when bicarbonate is limiting, and sulfate in excess (Batch A), SRBs 
outcompete homoacetogens for the available electron donors. The sulfide production rate 
during batch A was 0.13 mol HS--S m-2 d-1 which corresponds to 2.21 mmol L-1 d-1 
(normalization to surface area and reactor volume, respectively). Importantly, methane and 
acetate were not detected during this first batch. There is a clear trend of increasing pH 
when sulfate reduction occurs in the MECs due to reaction stoichiometry (Equation 2.6); 
as a consequence of this deviation, the electrical current is affected as can be observed in 
Figure 1B. 
In Batch B, the reactor generated 0.48 mol H2 m
-2 d-1 equivalent to 8.16 mmol L-1 d-1 
when sulfate and bicarbonate were removed from the catholyte, confirming that hydrogen 
is indeed an intermediate of the biological sulfate reduction. No pH changes occurred at 
the biocathode when sulfate and bicarbonate were removed from the catholyte; indeed, 
when both species are absent, the number of protons consumed at the cathode equals the 
protons which are produced at the anode and migrate to the cathode, thus maintaining a 
constant pH. 
As shown in Batch C, exposing the biofilm to excess of sulfate and bicarbonate led 
to sulfide production of 1.7 mmol L-1 d-1 and 0.05 mmol L-1 d-1 of methane. These finding 
showed that SRBs outcompete methanogens with 34 times higher H2 consumption rate in 
the presence of sulfate. 
In Batch D, acetic acid and methane production increased after removing sulfate as 
the electron acceptor. The occurrence of homoacetogenesis and methanogenesis were 
found in this batch where sulfate was absent (0.4 mmol CH3COOH L
-1 d-1 and 0.2 mmol 
CH4 L
-1 d-1) therefore the addition of methanogenic inhibitor was not deemed necessary, 
given that SRBs can naturally outcompete methanogens when sulfate is present. The pH 
increased following bicarbonate consumption, and as a consequence, the current 
decreased over time as previously observed in others studies of microbial electrosynthesis 
of acetic acid. Finally, the sulfide production rate increased back again to 2 mmol L-1 d-1 
after the media was replaced – with 475.4 mg SO4
2--S L-1 but without inorganic carbon 
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(Batch E). This helped confirm that the electron flux from the electrode to the terminal 
electron acceptor, SO4
2-, occurs mostly through hydrogen and that acetate is not the 
intermediate for the bioelectrochemical sulfate reduction process. With the absence of any 
chemical inhibitors, the results show that SRB can successfully compete for 
(bio)electrochemically produced hydrogen over methanogens and acetogens.  
 
Figure 5.5. (a) Batch test of effect of electron acceptor on pH, current density and 
products formation. Black bar: Sulfide (HS--S); Dashed vertical bar: Hydrogen (H2); White 
bar: Methane (CH4); Diagonal brick bar: Acetic acid (CH3COOH). (b) Effect of pH on current 
density at Ewe -0.9 V vs. SHE. Solid line: Current density; Dash-dotted line: pH. The 
characterization was carried out at different electron acceptor ratios A) IC limitation; B) No 
SO4
2- and IC; C) Excess of SO4
2- and IC; D) No SO4
2- ; E) No IC.  
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Microbial community distribution can be revealed in principal component analysis 
(PCA) showing the differentiation along PC1 (59% differences explained) between non-
acclimated inoculum (NAI) and other groups due to high abundance of Methanosaeta and 
unknown Bacteroidales in NAI only (Figure 5.6). Although the non-electroactive inoculum 
at day 180 (NEI-180) shared the microbial community with electroactive inoculum (EI) to a 
certain extent, they are separated along the PC2 axis (with 27% differences explained) 
mainly driven by the emergence of Methanobacterium following weaker effects from 
unknown Ignavibacteriaceae and Desulfovibrio in both electroactive biofilm (EI-B) and 
planktonic (EI-P) respectively. 
 
Figure 5.6. Principle component analysis on microbial community of non-acclimated 
initial (NAI round), non-electroactive inoculum after 180 days of operation (NEI-180 square), 
(electroactive inoculum after 55 days of operation as planktonic cells (EI-P diamond) and in 
the biofilm (EI-B triangle). Top OTUs drive the differentiations among samples were labelled 
with corresponding identifications. 
 
This suggests that Methanobacterium could be the most likely cause of 
electroactivity in these samples. To date, several studies have reported the ability of 
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various methanogens of direct electron uptake using an electrode as current supplier 
(Aulenta et al. 2012; Marshall et al. 2012; Deutzmann & Spormann 2016).  
Furthermore, pure culture studies have shown that Methanobacterium-like 
archaeon strain IM1 can utilize electrons from carbon based electrodes without artificial 
electrons mediators for highly selective production of CH4 from CO2 at a set potential of -
0.4 V vs. SHE (Beese-Vasbender et al. 2015a). In that work, methane production gave 
way to hydrogen production at lower potentials, indicating that this strain is able to catalyse 
cathodic hydrogen production. It is possible, therefore, that the faster start-up of the 
electroactive BESs was caused by hydrogen-producing strains, putatively 
Methanobacterium, which would be responsible for the H2 supply driving the autotrophic 
sulfate reduction. This species was not found in BESs with non-electroactive inoculum 
despite the same operational conditions/configuration. 
Figure 5.7 shows a heat map summarizing the percent relative abundances 
microbial community of non-acclimated initial inoculum (NAI), non-electroactive inoculum 
after 180 days of operation (NEI-180), electroactive inoculum after 55 days of operation as 
planktonic cells (EI-P) and in the biofilm (EI-B). Previous studies evaluating how 
methanogenic microorganisms conserve energy observed hydrogen production as a 
protective mechanism to deal with excess electron supply (Lewalter & Müller 2006). 
Armstrong and Hirst 2011 concluded that the interconversion of H2 and H
+ is crucial in the 
metabolism of microorganisms that use hydrogenases to catalyse hydrogen production 
from the excess of electrons and relieve negative charge close to the microbial cell. The 
heat map represents 50 (NAI and NEI-180) to 70% (EI-P and EI-B) of the total community. 
The NAI as initial inoculum collected from natural and engineered environments 
was dominated by the genus Methanosaeta (18.4%) and OTUs affiliated with the order 
Bacteroidales (23.7%, referred to as Unknown Bacteroidales). Lower relative abundance 
of sulfate reducers putatively Desulfovibrio spp. (0.5%) and Desulfomonile spp. (0.8%) 
could be responsible for the observed sulfate reduction in reactors with NEI-180. The 
electroactive inoculum (EI) (combination of NEI-180 with pre-acclimated biomass (Jourdin 
et al. 2015b) was inoculated in new BESs with the same reactor configuration at -0.9 V.   
After 55 days of operation, sequencing analysis in the cathodic biofilm (EI-B) and 
surrounding planktonic cells (EI-P) showed high abundance of the same OTUs found in 
NEI-180 including Thiobacillus (6%), unknown Betaproteobacteria (5.5%) and 
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Bacteroidales_BA008 (8.4%), indicating that these may not be the major drivers of the 
electron transfer mechanism.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Heat map summarizing the percent relative abundances microbial 
community of non-acclimated initial inoculum (NAI), non-electroactive inoculum after 180 
days of operation (NEI-180), electroactive inoculum after 55 days of operation as planktonic 
cell (EI-P) and in the biofilm (EI-B). 
 
However, other microbial groups which were not found in NEI-180 including OTUs 
affiliated to Methanobacterium (26%) and Ignavibacteriaceae (3.4%), which was enriched 
in the cathodic biofilm (EI-B) and in planktonic form (EI-P). Higher relative abundance of 
sulfate reducers (putatively Desulfovibrio spp.) was found in EI-B (2.8%) and EI-P (2.7%) 
than the abundance of NAI (0.03%) and NEI-180 (0.5%) respectively. Importantly 
however, sequences derived from Desulfovibrio spp. were at <3% relative abundance in 
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all samples, but still sulfate reduction occurred in the electroactive BES. A decrease of 
electron acceptor SO4
2- in batch operation systems could have led to shifts in the microbial 
community, and as a consequence could have lowered the abundance of sulfate reducers. 
Ontiveros-Valencia et al. 2014 demonstrated that the sulfate reducing microbial community 
responded to changes in electron acceptor in membrane biofilms reactors using hydrogen 
as electron donor. In that work, the authors found that the relative abundance of sulfate 
reducers in the microbial community was strongly affected by the depletion of sulfate – an 
expected phenomenon in fed-batch operation as used in this study. 
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6 ELUCIDATION OF AUTOTROPHIC SULFATE-REDUCING 
MECHANISMS IN BIOCATHODES 
 
6.1  Abstract 
Recent evidence suggests that autotrophic sulfate reduction could be driven by 
direct and indirect electron transfer mechanisms in BES. However, much uncertainty still 
exists about the electron fluxes from the electrode to the final electron acceptor sulfate 
during autotrophic sulfate reduction.  
Chapter 6 shows that autotrophic sulfate reduction (0.9 ± 0.1 mol SO4
2--S m2 d-1) is 
driven by electron fluxes from the cathode to sulfate via hydrogen as intermediate using 
electrochemical techniques coupled to off-gas measurement. Moreover, the biofilm-
forming sulfate-reducing bacteria (SRBs) enriched on the cathode showed the remarkable 
ability to consume hydrogen at a rate of 3.9 ± 0.5 mol H2 m
-2 d-1, outcompeting 
methanogens and homoacetogens for the hydrogen without the need to add chemical 
inhibitors with 95 ± 0.04% Coulombic efficiency towards sulfide production.. Furthermore, 
quantitative DAIME-FISH of the microbial communities in z-stack images confirmed that 
SRBs were more abundant (46.1 ± 3.9%) across the 16 ± 2 µm-thick biofilm than 
Methanobacteriales (14 ± 2 %) and other bacteria (25 ± 3 %). Finally, exposing the biofilm 
to biocidal conditions (pH 3.0, air drying and autoclaving) led to a 27% reduction of the 
hydrogen production rate, which was nevertheless 5.3 times higher than a bare electrode. 
Energy dispersive x-ray spectroscopy (EDS) and protein electrode surface analyses 
revealed the presence of metallic and proteinaceous materials deposited on the surface 
after biocidal conditions, suggesting that the biofilm was able to modify the electrode 
surface towards more efficient hydrogen evolution reaction (HER).  
 
6.2 Specific methods  
Duplicate two-compartment BESs (0.5 L) were built as described in section 4.2. 
Two pieces of plain carbon cloth were used as a cathode material in each reactor. The 
inoculum was obtained from an enriched sulfate reducing biocathode which was previously 
described in Chapter 5, comprising Methanobacterium (26% relative abundance), 
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Desulfovibrio (2.8% relative abundance) and Acetobacterium with a lower relatively 
abundance of 0.6%.  
To stimulate the development of a cathodophilic biofilm for autotrophic sulfate 
reduction, the electrodes of the BESs were connected to a potentiostat to impose a fixed 
cathode potential of -0.9 V vs. SHE (potentiostatic start-up). The cathode potential was 
decreased to -1.1 V vs. SHE after 55 days of operation in order to increase the SRR. This 
potentiostatic start-up has been successful in enriching an autotrophic cathodic biofilm for 
nitrate reduction (Gregoire et al. 2014) and carbon dioxide reduction (Jourdin et al. 2015a). 
Enrichment for bioelectrochemical autotrophic sulfate reduction was performed at room 
temperature (20 ± 3 0C), dark conditions and fed-batch operation mode. The composition 
of the growth medium was a phosphate-buffered mineral medium as previously described 
in section 4.2. Furthermore, 2.2 g L-1 Na2SO4 and 0.5 g L
-1 NaHCO3 were added every 3-5 
days to enrich for sulfate reducing bacteria. The medium was prepared under anaerobic 
conditions (flushed with 100% N2). 
 
6.2.1 Electrochemical and Off-Gas Analysis (TOGA) test  
After reaching steady-state of autotrophic sulfate reduction in a period of four 
months of enrichment, the biocathode chamber was connected to TOGA sensor (Gapes & 
Keller 2001; Pratt et al. 2003) (see Figure 6.1 for a schematic layout), to undertake real-
time quantification of gas production and consumption, including hydrogen, methane and 
carbon dioxide (Virdis et al. 2009; Zhou et al. 2013; Freguia et al. 2007; Jourdin et al. 
2016a). 
The operation of the BES was in fed-batch and constant stirring conditions by the 
use of a cross-shaped, PTFE coated magnetic stirrer 30 mm long x 10mm height and a 
stirring rotation rate of 200 rpm. A pH controller (Liquisys M, Endress+Hauser, Australia) 
was used to accurately control the pH to a pre-specified set point of 7.3 ± 0.05. A mass 
spectrometer (Omnistar Balzers AG, Liechtenstein) with three mass flow controllers 
(Bronkhorst Hi-tech, EI-Flow, Netherlands) was used to quantify the rates of gases 
produced or consumed in the BES. A mass flow controller delivered a helium flow rate of 
200 mL min-1 (Ultra high purity 99.999%, BOC, Australia) as a constant carrier gas. A 
calibration gas (2% CO2, 2% CH4, 2% H2, 4% Ar and 90% He, BOC, Australia) by-passed 
the reactor via another mass flow controller, allowing for calibration of the mass 
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spectrometer before and after each experiment as well providing a baseline signal and an 
internal standard (Ar) during experiments. To evaluate the effect of carbon dioxide as the 
only carbon source, a third mass flow controller was used to mix CO2 (99.9%, BOC, 
Australia) at a flow of 29 mL min-1 with the helium carrier prior to entering the BES cathode 
chamber. Once dissolved, CO2 is readily hydrated to H2CO3, then dissolved and hydrated 
CO2 readily reacts to bicarbonate, the main component of this acid/base system in the pH 
range of 7–8 (Pratt et al. 2003). The controlled pH 7.3 shifts CO2/HCO3
- equilibrium to a 
higher content of HCO3
-  (90%) (Gustafsson 2011). As shown in Figure 6.1, the gas was 
dried after passing through a refrigerator and an air-drying column prior to analysis by the 
mass spectrometer. Calibration of the mass spectrometer was done according to Pratt et 
al. 2003 and Jourdin et al. 2016a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Schematic layout of the TOGA sensor/BES (not to scale). 
47 
 
6.2.2 Real time electron/mass fluxes investigation 
After the sulfate-reducing biocathode was linked to the TOGA setup, a scan range 
from -0.2 to -1.2 V vs. SHE was applied using linear sweep voltammetry (LSV) at a scan 
rate of 0.1 mV s-1. Three LSV experiments were performed at same scan range, scan 
speed and pH of 7.3 ± 0.05. The first LSV was run in absence of CO2 and SO4
2--S after 
120 days of cathodic biofilm enrichment. As an abiotic control, the same reactor 
configuration and operational conditions were used but without inoculum and followed the 
electrochemical hydrogen evolution.  
The measured flow rates of H2 in mL min 
-1 were converted to moles of H2 using the 
ideal gas law and further converted into an equivalent current (A) using Faraday’s law. 
Coulombic efficiencies (CE) were calculated by dividing coulombs found in products by 
total coulombs consumed (CT) (see eqn. 6.1). CT was calculated by integrating the area 
under the current versus time using the algebraic sum-of-trapezoids method.  
0
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        (6.1) 
F is Faraday’s constant (96,485 C/mol), b is the stoichiometric number of electrons 
in the product, ΔP is the number of moles of product, I is current (in A) and t is time (in s). 
In the second experiment, the catholyte was replaced with fresh cell-free medium to 
investigate the fate of CO2 when present as the only electron acceptor. CO2 was mixed 
with the carrier gas at a flow rate of 29 mL min-1 to determine methanogenic and 
acetogenic activities. The flow rates of H2 and CH4 were then converted from mL min
-1 to 
mol min-1 using the ideal gas law while the concentrations of VFAs in the liquid phase were 
determined by gas chromatography as described in section 4.4. The amount of Coulombs 
consumed in those products were calculated as per eq. 6.1. 
Finally, the third LSV was performed in the exact same conditions but in the 
presence of CO2 and SO4
2--S as electron acceptors. A final concentration of 10 g L-1 
Na2SO4 was added as sole SO4
2- source and CO2 was mixed with the carrier gas at a flow 
rate of 29 mL min-1, resulting in excess SO4
2- and soluble CO2/HCO3
- to prevent substrate 
limitation. Samples of liquid-phase for ion chromatography (IC) and volatile fatty acids 
(VFA) analyses (see detailed procedures in 4.4) were taken every 25 and 35 min 
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respectively throughout the LSV run to follow the sulfate-reducing and acetogenic activities 
by tracking the coulombs transferred to form HS--S and CH3COOH.  
 
6.2.3 Effect of the biofilm on electron fluxes 
Sulfide and hydrogen production rates under alternating conditions with and without 
sulfate were used to study the autotrophic sulfate reduction process at a fixed cathode 
potential of -1.1 V and constant pH of 7.3. The condition without SO4
2-  is named non-
turnover (as no electron acceptor is present) while the presence of SO4
2- leads to turnover 
conditions (Harnisch & Freguia 2012). In non-turnover experiments (A and C), fresh 
medium with no sulfate nor inorganic carbon was used to avoid sulfate reducing, 
homoacetogenic and methanogenic reaction (see eqn. 7, 8 and 9). The amount of sulfide 
and hydrogen (mol) were converted into an equivalent current (i.e. current assimilated into 
H2 and HS
--S) using Faraday’s law. Before each experiment, the catholyte was fully 
replaced with new growth medium to remove any traces of hydrogen, sulfide and 
planktonic cells. At time zero, the off-gas was sent to the TOGA sensor for measurement 
of H2 production rates. 
A sterilizing procedure was carried out to assess the role of live microorganisms on 
the catalysis of hydrogen evolution. Firstly, the pH was decreased to 3 for 4 hours and the 
electrodes were removed and air-dried for a further 3 hours. Once the exposure to low pH 
and the air-drying process were completed, the electrodes were placed again in the 
reactor, and subsequently the BES and the recirculation tank were autoclaved and new 
tubes were used to prevent contamination following the procedure used by Jourdin et al. 
2016b. A new chronoamperometry test coupled with the TOGA sensor was done at the 
same cathode potential (-1.1 V) for 3 hours. Samples for IC analysis were taken during the 
experiment and after 24 hours to elucidate sulfate reducing activity after applying the 
biocidal conditions. 
 
6.3 Results and discussion  
6.3.1 Real time electron/mass fluxes as a function of electron supply 
Linear sweep voltammograms (LSVs) offer valuable insights to elucidate the 
electron flow pathways of autotrophic sulfate reduction under various electron supply 
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regimes. It has been suggested that our selected scan rate is slow enough to reveal 
catalytic electron transfer between cells and the electrodes (Marsili et al. 2008). Figure 
6.2A shows that after four months of SRB enrichment, the biocathode outperformed the 
control bare-carbon electrode regarding HER from -0.6 V vs. SHE. The shift of the 
reductive wave by the biocathode is in full agreement with a bioinduced hydrogen catalysis 
(Aulenta et al. 2012). The hydrogen production rate was observed to increase 7.9 times 
versus the abiotic control at -1.1 V. 
These results are consistent with an earlier study of Rozendal et al. 2008 who 
described the development of a microbial biocathode which catalysed a 3.6-fold higher 
hydrogen production rate than abiotic controls. These outcomes are also in accordance 
with a recent study showing that biologically-induced hydrogen production drove high 
rate/high efficiency microbial electrosynthesis of acetate from CO2, with biological 
hydrogen production rates about 50 times greater than an abiotic control (Jourdin et al. 
2015b). 
In the Figure 6.2B, CO2 was supplied as the only electron acceptor to determine 
methanogenic and acetogenic activity at different cathode potentials. Electron recovery 
(Coulombic efficiency) in hydrogen was about 78.6% and in methane 10.7%. 
Homoacetogenesis activity was not detected after four months of sulfate enrichment. A 
possible explanation for this might be that a specific sulfate community has displaced other 
microbial consortia which can be attributed to the fact that sulfate was the more abundant 
electron acceptor (Dar et al. 2008).  
Finally, in Figure 6.2C, we followed the sulfate-reducing activity as the Coulombs 
appearing in HS--S. These results further support the mechanism of high rate sulfide 
production (95% electron recovery) driven by an electron flux from the cathode to a 
biocatalyst which catalyses hydrogen production, which is in turn used as electron donor 
for sulfate reducers to produce sulfide as the end product of the reaction. This is attributed 
to the enrichment of a sulfate reducing community with increased rate of H2 utilization. 
After four months of selective enrichment of SRBs, hydrogen-utilizing homoacetogens and 
methanogens are out-competed by hydrogen utilizing SRBs, owing to the higher affinity, 
lower threshold values and thermodynamic favourable reaction for hydrogen of SRB 
microorganisms without the need to add chemical inhibitors (Muyzer & Stams 2008; 
Bijmans et al. 2009; Dar et al. 2008). 
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Figure 6.2. Integrative linear sweep voltammetry test with TOGA sensor at pH 7.3 ± 
0.05 and scan rate of 0.1 mV s-1. (A) No CO2, no SO4
2-. The solid line represents the total 
coulombs consumed in abiotic (black line) and biotic (red line) conditions after 120 days of 
operation. The symbols represent coulombs consumed into H2 in abiotic (yellow diamond) 
and biotic (red circles). (B) Feeding CO2 as electron acceptor (29 mL min
-1) without SO4
2-; 
the symbols represent Coulombs consumed into CH4 (orange triangles) and acetic acid 
(green squares). (C) Feeding CO2 (29 mL min
-1) and SO4
2- (900 mg SO4
2- -S L-1) as electron 
acceptors; the symbol represent Coulombs consumed into HS- (blue triangles). 
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6.3.2 Bioelectrochemical autotrophic sulfate reduction occurs within the biofilm 
The confocal z-stack micrographs (Figure 6.3 top) demonstrate a notable co-
existence of SRBs, Methanobacteriales and other bacteria. Quantitative DAIME analysis of 
the z-stacks in Figure 6.3 (bottom) confirmed that sulfate-reducers were more abundant 
(46 ± 4%) across the biofilm than Methanobacteriales (14 ± 2%) and other Bacteria (25 ± 
3%) were. Using COMSTAT (Heydorn et al. 2000), the image stack was analysed to 
provide a measure of the spatial size of the biofilm with a mean biofilm thickness of 16 ± 2 
µm. 
The confocal results also confirmed that SRBs were more abundant (51 ± 5 %) on 
the biofilm portions in proximity to the electrode (0-5 µm) while occupied less abundance 
(41 ± 5 %) in the outer layers between 11-15 µm. DAIME analysis of the images confirmed 
that Methanobacteriales occupied an even abundance from bottom to outer layers (14 ± 2 
%). However, this data is only indicative of the presence of Methanobacterium in the 
biofilm and more detailed analysis would be needed to confirm its potential role in 
hydrogen catalysis. Several studies have reported the role of Methanobacteriales in 
hydrogen production as a protective mechanism to deal with excess electrons and the 
relieving of negative charge close to the cell (Beese-Vasbender et al. 2015a; Armstrong & 
Hirst 2011).  
Chapter 5 suggested from 16S rRNA amplicon sequencing data that a significant 
enrichment of Methanobacterium (26% of relative abundance) in the inoculum could be 
responsible for higher hydrogen production, taking into account that this consortium was 
not found in non-electroactive systems. On the other hand, sulfate reducing 
microorganisms including Desulfomicrobium baculatum, Desulfovibrio desulfuricans, 
Desulfovibrio fructosovorans, Desulfovibrio gigas, Desulfovibrio vulgaris, have been 
identified as ‘H2 farms’ because of their potential as bio-catalysts for H2 production in 
microbial electrolysis cells (Armstrong et al. 2009).  
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Figure 6.3. Top: Confocal z-stack micrograph (40X). Bottom: DAIME analysis of the 
cathodic biofilm established on carbon cloth.  
 
More recently, Aulenta et al. 2012 demonstrated that when the cathode potential 
was fixed at -0.9 V vs. SHE, enriched pure cultures of Desulfovibrio sp. increased the 
hydrogen production compared to an abiotic control. Based on these observations, we can 
hypothesise that Methanobacteriales and/or other SRB may be involved in the enhanced 
H2 production observed in our biocathode conditions. However, further investigations are 
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needed before the association between microbial communities and hydrogen 
production/consumption can be fully understood.  These results also suggest that 
hydrogen is produced and consumed within the biofilm at the cathode surface, and imply 
the existence of a microbial network through the biofilm. To confirm this hypothesis, the 
planktonic cells were removed in each LSV test by replacing the whole medium with fresh, 
sterile catholyte. 
 
6.3.3 Cathodic biofilm activates electrode surface and achieves efficient 
autotrophic sulfate reduction  
In Figure 6.4, Chronoamperometry tests without and with sulfate as the terminal 
electron acceptor were performed at a fixed cathode potential of -1.1 V. Further 
experiments were undertaken by exposing the biofilm to biocidal conditions, as described 
in the Experimental Section 6.2.  
The total current density by the active biofilm reached a mean of -9.5 ± 0.3 A m-2 
and remained almost constant for 9 hours in non-turnover and turnover experiments. In 
non-turnover conditions (no sulfate nor bicarbonate present), the bio-induced hydrogen 
increased to 3.9 ± 0.5 mol H2 m
2 d-1 in phase A and 3.6 ± 0.9 mol H2 m
2 d-1 in phase C. In 
turnover experiments, sulfide production rate reached 0.9 ± 0.06 mol HS--S m-2 d-1, while 
H2 was found at a rate of 0.6 ± 0.17 mol H2 m
-2 d-1 with 95 ± 0.04 % of electron recovery in 
the form of sulfide.  
To date, only three papers have reported autotrophic sulfide production rates using 
BESs. The sulfide production achieved hereby – equivalent to 489 g HS--S m-3 d-1 – is 
about 1.7 times higher than the highest production rate reported previously in Chapter 5. 
The volumetric rate is 188 times higher than BES driven by a mixed community at -0.6V 
vs. SHE in continuous mode (Luo et al. 2014). Moreover, Su et al. 2012 reported a 
maximum production of 4.8 g HS--S m-3 d-1, which is 101 times lower than the rate 
achieved in Chapter 6.  
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Figure 6.4. Chronoamperometry test at -1.1 V vs. SHE with TOGA sensor at pH 7.3 ± 
0.05. Total biotic current density (white squares), abiotic current consumed (yellow 
diamonds), current assimilated into H2 (red circles) and in HS
--S (blue triangles). (A) and (C) 
Non-turnover conditions; (B) and (D) Turnover conditions with SO4
2- as electron acceptor; 
(D) Biocathode after biocidal conditions. 
 
After biofilm killing in turnover conditions, the cathodic activity sharply decreased to 
-6.4 ± 0.04 A m-2 at same fixed pH 7.3 ± 0.05. These results are in agreement with those 
obtained by Venzlaff et al. 2013 who demonstrated that inactivation of the colonizing SRB 
reduced current density in cathodic reactions. In addition, hydrogen production rate 
decreased to 2.6 ± 0.1 mol H2 m
-2 d-1, a 27% reduction of performance compared with 
non-turnover experiments, which is evidence of the active biological catalytic activity. 
Sulfide production rate after biocidal conditions was also measured, and it can be inferred 
that sulfate reducers were successfully killed, as sulfate concentration remained identical 
throughout a 24-hour period. Remarkably, after applying such unfavourable conditions, the 
current density was still 5.3 times higher than that obtained from a bare carbon cloth (-1.2 
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± 0.05 A m-2). These findings support previous research which hypothesises that an 
electroactive biofilm can activate its electrode surface, enhancing the catalysis of HER 
even after the biomass has been killed (Yates, Siegert & Logan 2014; Jourdin et al. 
2016b). 
 
6.3.4 Inorganic and organic microbial surface modification involved in hydrogen 
catalysis 
Scanning electron microscopy (SEM) images show the surface features of the bare 
carbon cloth (Figure 6.5A) and reveal material deposition on the biocathode after biocidal 
conditions (Figure 6.5B). These images are consistent with other investigations that found 
inorganic and organic materials deposited on the electrode surface after being exposed to 
conditions meant to inhibit or remove biofilms (Jourdin et al. 2016b; Yates, Siegert & 
Logan 2014). 
The inorganic surface atomic composition of the material adhered to the cathode 
was examined using EDS (Figure 6.6). There was an increase in Na, P, Cl, O and K in the 
sterilised cathode compared to bare electrode controls. Those elements are believed not 
to play a role in HER (Jourdin et al. 2016b).  
 
 
 
 
 
 
 
Figure 6.5. Scanning electron micrographs (SEM) images of carbon cloth electrode 
samples: (A) 20 µm bare carbon cloth; (B) 20 µm biocathode after sterilizing conditions. 
 
The presence of metals (Cu, Zn, S, Fe) were detected in the bioactive and sterilised 
cathodes in higher percentage than unused carbon cloth. Biologically induced Cu 
56 
 
deposition was observed by Jourdin et al. 2016b, who suggested that this phenomenon 
could be explained by biological reduction of Cu2+ to Cu on the surface of the electrode. A 
possible explanation for the presence of S and Fe might be iron-sulfide precipitation. Di 
Giovanni et al. 2014 showed that iron sulfide nanoparticles can efficiently catalyse 
hydrogen evolution reaction. Moreover, Enning et al. 2012 described an important role of a 
mineral crust of iron sulfide on increased electrical conductivity (50 S m-1 higher than 
typical semiconductors as pure silicon 1.6 x 10-3 S m-1) and facilitated electron transfer on 
the electrode. However, Venzlaff et al. 2013 demonstrated that ferrous sulfide plays a 
significant role in mediated electron flow from metals to SRBs rather than enhanced HER. 
 
Figure 6.6. Summary of surface atomic composition as measured by EDS on bare 
carbon cloth, bioactive cathode and biocathode after sterilizing conditions. 
 
The organic content of the surface, based on protein quantification, was also 
assessed. Surprisingly, the total protein content in the surface after biocidal treatment was 
found to be 1.2 mg m-2. In comparison, an active biofilm growing on the same electrode 
surface showed an amount of protein of 1.7 mg m-2.  The macromolecular structure of a 
protein, the number of peptide bonds and the presence of four particular amino acids 
(cysteine, cystine, tryptophan and tyrosine) are described to be responsible for colour 
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formation with the BCA™ protein assay (Wiechelman, Braun & Fitzpatrick 1988). It should 
be noted that the presence of protein or peptides debris is not a proof of their hydrogen 
catalytic activity. However, it has been suggested that several peptides or proteins debris 
from cell extract after sonication showed enhanced HER on biocathodes (Yates, Siegert & 
Logan 2014).  
The same study identified that these peptides were derived from proteins with FeS 
catalytic centres. Evidence of Fe and S deposition on the electrode surface in the present 
study suggests that these catalytic centres could still be active, even after sterilizing 
conditions. Hoppert et al. 1994 reported high stability and prolonged activity of 
hydrogenases of Methanobacterium at elevated temperatures (950C) forming reversed 
micellar systems as a way of enzyme protection at high temperatures. However more in-
depth investigation is needed to shed light on hydrogenases activity after autoclaving at 
1210C. Although the presence of metals and proteins debris have been identified, further 
research is required to elucidate which deposits (if any) are responsible for the enhanced 
HER observed, which is in turn used as a primary electron carrier for the cathodic 
autotrophic process. 
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7 EFFECT OF ELECTRODE MATERIAL ON THE CATHODIC 
BIOFILM RETENTION AND CURRENT-TO-SULFIDE EFFICIENCY  
 
7.1  Abstract 
Selective microbial retention is of paramount importance for the long-term 
performance of cathodic sulfate reduction in microbial electrolysis cells (MECs) due to the 
slow growth rate of autotrophic sulfate-reducing bacteria. The effect of electrode material 
on the  biofilm retention and current-to-sulfide conversion efficiency was investigated in 
Chapter 7. For ~2 months, the MECs were operated at sulfate loading rates of 21 to 309 
gSO4
2-–S m-2 d-1 using CG or multi-wall carbon nanotubes deposited on reticulated 
vitreous carbon (MWCNT-RVC) as electrode materials. Although MWCNT-RVC achieved 
a current density of 57 ± 11 A m-2, greater than the 32 ± 9 A m-2 observed using CG, both 
materials exhibited similar SRR, with MWCNT-RVC reaching 104 ± 16 gSO4
2-–S m-2 d-1 
while 110 ± 13 gSO4
2-–S m-2 d-1 were achieved with CG. Sequencing analysis of the 16S 
rRNA at the end of experimentation revealed a core community dominated by 
Desulfovibrio (28%), Methanobacterium (19%) and Desulfomicrobium (14%), on the 
MWCNT-RVC electrodes. Whilst a similar Desulfovibrio relative abundance of 29% was 
found in CG-biofilms, Desulfomicrobium was found to be less abundant (4%) and 
Methanobacterium practically absent (0.2%) on CG electrodes. These differences indicate 
that the MWCNT-RVC allows for the preservation of SRB and Methanobacterium 
populations from the inoculum, while CG electrodes favour the development of SRB over 
Methanobacterium. It is concluded that inexpensive CG represents a highly promising 
cathode material, suitable for application in high-performance sulfate-reducing microbial 
electrolysis cells without the need of complex nano-modified surfaces as MWCNT-RVC. 
 
7.2 Specific methods  
BES reactors were made of two parallel perspex frames (8.5 x 1.9 x 1.9 cm) and 
separated by 15.3 cm2 of a monovalent cation exchange membrane (MVCEM, CMS 
Monovalent Selective, Ameridia, USA). Evaluation of electrode materials on microbial 
retention and current-to-sulfide efficiency were performed in a cathode chamber (working 
electrode) using two different carbon-based electrodes, namely CG (El Carb 100, Graphite 
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Sales Inc., USA) and thin multiwalled carbon nanotubes (MWCNT, 95+%C purity, Nanocyl, 
SA, Belgium) deposited on reticulated vitreous carbon (RVC; Duocel RVC Foam, ERG 
Materials and Aerospace Corporation, USA) via electrophoretic deposition (EPD), as 
reported previously (Boccaccini et al. 2006; Jourdin et al. 2015a). Prior to commencing the 
experiments, the CG were cleaned with acid (1M HCL) and base (1M NaOH) (24 hours 
each) and rinsed 3 times with RO water to remove impurities as explained elsewhere 
(Dutta et al. 2008). Figure 7.1 shows continuous BES setups that were used in Chapter 7. 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Photo of continuous BES. 
 
After the electrode treatment, the granules were embedded in a 15.3 cm2 of 
graphite plate (Morgan AM&T, Sydney, NSW, Australia) which acted as a current collector. 
In parallel, a rectangular piece of MWCNT-RVC foam with dimensions of 8.5 x 1.9 x 1.9 
cm each was used to compare with the granules performance.  
The anode chamber consisted of a platinum wire as a counter electrode (purity 
99.95%, 0.50 mm diameter x 50 mm long, Advent Research Materials Ltd, UK).  All 
experiments were performed at room temperature (20 ± 2°C). The catholyte was 
recirculated at 15 L h−1 around the cathode compartment where sulfate reduction 
occurred. The total liquid volume was 30 mL which was continuously stirred in a 
recirculation bottle by means of a PTFE-coated octagonal magnetic stirrer 12.7 long × 9.5 
mm height and a rotation rate of 450 rpm.  
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7.2.1 Measurement and calculations under continuous operation 
Chronoamperometry measurements were performed using a VMP-3 potentiostat 
(Bio-Logic SAS, France). A KCl saturated Ag/AgCl was used as reference electrode (+197 
mV vs. SHE), inserted in proximity of the working electrode to impose a fixed cathode 
potential of -1.1 V vs. SHE. The anodic half-cell potential was measured as the difference 
between the cell voltage and cathode potential (Bard, Inzelt & Scholz 2012). A pH 
controller (Liquisys M, Endress+Hauser, Australia) was used to accurately control the pH 
to a pre-specified set point of 7.3 ± 0.05 with a 2M HCl solution. Before microbial 
inoculation, a scan range from -0.2 to -1.2 V vs. SHE was applied using cyclic voltammetry 
(CV) at a scan rate of 1 mV s-1 for 3 cycles. Current data were recorded using the same 
multichannel potentiostat to evaluate the RVC, MWCNT-RVC and CG electrodes in abiotic 
conditions. New CVs were carried on both MWCNT-RVC and CG electrodes after 58 days 
of inoculation. These CVs experiments were performed at same scan range, scan speed 
and pH of 7.3 ± 0.05.  
All calculations were performed according to previous research (Kadier et al. 2014; 
Patil et al. 2015; Geppert et al. 2016). Current densities and SRR were defined per square 
metre of projected membrane surface area. For example, the SRR (g SO4
2--S m-2 d-1) was 
calculated according to Eq. 7.1. 
( )in outC C QSRR
A
 

       (7 1) 
where Cin and Cout (gSO4
2--S/L) are the measured sulfate concentrations coming in 
and out the biocathode compartment, respectively. Q (in L/d) is the catholyte supply rate 
(0.01 to 0.2 L/d) and A (in m2) is the membrane surface area (equal to projected anode 
and cathode surface area). The SRR can be presented as a current density (js, A m
-2) by 
Eq. 7.2: 
S
SRR b F
j
M
 

        (7.2) 
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where b is the number of electrons involved in reducing one mole of sulfate (8), F is 
Faraday’s constant (96485 C mol-1), M is the molecular weight of SO4
2--S, (32 g mol-1). 
Current efficiency (CE, %) was based on the current to sulfate versus total current 
delivered to the cathode according to the Eq. 7.3. The average of the current efficiency 
and SRR were calculated 28 days after inoculation.  
100S
T
j
CE
j
 
         (7.3) 
where jT (in A/m
2) is the total current density and jS is SRR, which can be presented 
as a current density as described in Eq.7.2. The power input per kg of sulfate removed 
was calculated using Eq. 7.4; where CellV is the cell voltage and M is the molecular weight 
of SO4
2--S, (32 g mol-1). 
sulfate
b F CellV
P
M
 
        (7.4) 
7.3 Results and discussion 
7.3.1 Effect of the electrode material on the current-to-sulfate reduction efficiency  
The MECs were operated without sulfate limitation at loading rates of 21 to 309 
gSO4
2--S m-2 d-1 to favour SRB growth. The time profile of each loading rate is described in 
Fig. 7.2B. After a constant cathode potential at -1.1 V vs. SHE during 58 days of operation, 
the MWCNT-RVC achieved a current density of 57 ± 11 A m-2, which was higher than the 
32 ± 9 A m-2 attained using CG (see Figure 7.2a). Despite this difference however, both 
electrode materials yielded similar SRR 28 days after inoculation. While MWCNT-RVC 
reached 104 ± 16 gSO4
2- -S m-2 d-1, CG showed 110 ± 13 gSO4
2--S m-2 d-1 (Figure 7.2b). 
The most likely reason for the differences in current density but similar SRRs is to do with 
the fact that MWCNT-RVC had a much lower Coulombic efficiency in sulfate reduction (48 
± 8 %), while CG achieved 78 ± 7% at -1.1 V vs. SHE. The lower current-to-sulfide 
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efficiency of MWCNT-RVC is indicative of being more active in producing H2 than in 
consuming it, suggesting that no effective advantage of the use of a complex nanoscale 
surface modification was observed towards the enhancement of autotrophic sulfate-
reduction rate. 
 
 
 
 
 
 
 
 
Figure 7.2. (A) Influence of electrode material on current to sulfate removal (B) effect 
of sulfate loading and electrode material on sulfate removal rate. 
 
As shown in Figure 7.3, no distinct redox peaks were observed when testing abiotic 
CG and untreated RVC electrodes. The MWCNT deposited on the surface of the RVC 
electrodes is confirmed by CV. The MWCNT-RVC exhibited 1.5 times higher catalytic 
activity than the abiotic RVC electrode. What is striking is the remarkable shift of the 
reductive wave and current density seen in both electrodes after 58 days of 
experimentation. With CG, the reductive wave shifted +0.2 V towards higher potentials 
(ca.−0.8 V vs. SHE) when compared to the onset of current in the abiotic reactor (-1 V vs. 
SHE). Higher cathodic current was produced by the biocathode of MWCNT-RVC (65 A m-
2) compared to the biocathode of CG (45 A m-2) over the complete measuring range of the 
CVs. Such changes have been previously observed in CVs obtained from MECs with live 
biocathodes producing hydrogen and reducing sulfate in autotrophic conditions (Chapter 
5), and was further proven by electrochemical and off-gas analysis (TOGA) tests (Chapter 
6) using the same inoculum as in this work. These findings are also in agreement with  
Rozendal et al. 2008, who showed microbial catalysis for hydrogen production at a 
potential of -0.7 V vs. SHE. 
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Figure 7.3. Cyclic voltammetry on abiotic unmodified RVC (black trace), MWCNT-RVC 
(orange trace) and granular carbon (green trace). Cyclic voltammetry of biotic conditions 
after 58 days of microbial inoculation on MWCNT-RVC (red trace) and granular carbon (blue 
trace). Scan rate of 1 mV s-1 and pH 7.3 ± 0.05.  
 
7.3.2 Effect of electrode material on specific biofilm retention  
The bacterial and archaeal biofilm composition were examined on day 58 by 
microbial profiling. The microbial composition of the biofilms enriched on GC and MWCNT-
RVC are shown in Figure 7.4a and b, respectively. A dominant niche was identified 
consisting of Desulfovibrio, Desulfomicrobium and Methanobacteriales, with other OTUs 
present in less than 5% relative abundance. The sulfate-reducing-bacteria (SRB) enriched 
included Desulfovibrio (28%) and Desulfomicrobium (14%) on the MWCNT-RVC 
electrodes. Whilst similar Desulfovibrio relative abundance of 29% was found in GC, lower 
abundance was accounted for Desulfomicrobium (4%). The dominance of Desulfovibrio 
possibly explains the similar sulfate reducing performance of both electrode materials. 
During chemolithotrophic growth, Desulfovibrio derives energy only from oxidative 
phosphorylation by coupling the reduction of sulfate to sulfide with the oxidation of 
hydrogen (Heidelberg et al. 2004).  
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Figure 7.4. The Krona map summarizing the percent relative abundances microbial 
community enriched on (A) MWCNT-RVC and (B) CG 
It was commonly found that Desulfovibrio species grew dominantly with high 
relative abundance, e.g. 46%–66% in an autotrophic cathodic sulfate reducing biofilm (Luo 
et al. 2014). Desulfovibrio species have been also involved in H2 catalysis at cathode 
potential lower than -900 mV vs. SHE with a H2 production rate of 8 mmol L
-1 d-1 (Aulenta 
et al. 2012). The reversible nature of the hydrogenase reaction explains the H2 evolution 
and consumption reactions in these microbial species (Tatsumi et al. 1999). As previously 
reported, Desulfovibrio vulgaris has at least three distinct hydrogenases for the evolution 
and the consumption of H2 (Tatsumi et al. 1999; Croese et al. 2011). Voltammetry studies 
of the hydrogenase from Desulfomicrobium also show highly efficient H2 cycling catalyst. In 
the presence of 100% H2, the ratio of H2 production to H2 oxidation activity is higher than 
for any conventional [NiFe]-hydrogenases, although the factors that enable a hydrogenase 
to function preferentially in one direction versus the other are still unknown (Parkin et al. 
2008). One interesting finding was the appearance of an anodic peak centred at -0.55 V 
vs. SHE, which has been confirmed as an oxidation peak of H2 using Desulfovibrio as pure 
cultures (Tatsumi et al. 1999; Aulenta et al. 2012). Unfortunately, it was not possible to 
distinguish any oxidative peak using MWCNT-RVC due to the high capacitance of the 
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electrode. While the electrode material did not have a major impact on bacterial 
attachment, the Methanobacterium populations were highly dependent on the electrode 
material. The resulting microbial community demonstrated that Methanobacterium cannot 
attach very well on CG, and it is outcompeted over time by other species, suggesting that 
the electrode surface was able to select SRBs for over Methanobacterium. From an 
inoculum containing 14% relative abundance of Methanobacterium and 46% percent of 
SRBs, the use of MWCNT-RVC electrodes allowed that SRB population to remain 
constant at 44%, whilst the Methanobacterium population increased to 19% of the total 
abundance. On the contrary, the CG material favoured a decrease of the archaea 
Methanobacterium to 0.2% and the SRB population to 33% abundance. Further research 
is needed to shed light in determining the role of Methanobacterium on bio-electrochemical 
H2 catalysis and the dynamic of bacteria and archaeal communities in the autotrophic 
bioelectrochemical process. 
The sulfate reducers achieved a maximum SRR at this stage of biofilm 
development, and although H2 was produced in excess with MWCNT-RVC, it was not 
consumed by the SRBs. This hypothesis could also explain the observed higher current 
density during the chronoamperometric tests (Figure 7.2A) using MWCNT-RVC versus 
CG. Interestingly, electron recovery in sulfate reduction was 48 ± 8% using MWCNT-RVC 
but approached 78 ± 8% with CG. The higher current density and lower coulombic 
efficiency achieved using MWCNT-RVC is indicative of being more active in producing H2 
than in consuming it. Figure 7.2B showed that excess of sulfate was supplied in order to 
avoid sulfate limitation, with SO4
2- acting as a sink for the electrons carried by the H2 (Dar 
et al. 2008). In the context of electrode materials for biocathodic processes, it has 
generally been hypothesised that a three-dimensional electrode, with a hierarchical porous 
structure such as MWCNT-RVC, would offer advantages such as better microbial 
attachment and performance enhancement, leading to higher current densities (Chen et al. 
2012; Jourdin et al. 2015a; Jourdin et al. 2014). The findings of Chapter 7 demonstrate 
that the microbial community was practically constant with MWCNT-RVC (vs. inoculum), 
indicating successful biomass retention. Although we have identified that 
Methanobacterium retention is strongly affected by the surface of CG, similar SRR were 
achieved with both materials producing even higher current efficiencies into sulfide at 
lower power consumption with CG than MWCNT-RVC.  
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7.3.3 Power input to drive autotrophic sulfate reduction 
The mechanisms of autotrophic sulfate reduction can be assessed using several 
key parameters; these are summarized in Table 7.1 for the studies reported to date. The 
results were obtained at a number of different operating conditions, including mixed 
microbial cultures, feeding mode (batch vs. continuous), cathode electrode materials, 
applied potentials and power consumption. The implication is that comparisons between 
studies are not straightforward. The maximum autotrophic SRR attained was 110 ± 13 
gSO4
2- -S m-2 d-1 in the literature, which was 3.8 times higher than the highest reduction 
rate reported using carbon cloth as material (Chapter 6). These maximum rates of CG and 
MWCNT-RVC correspond to 5.6 ± 0.7 gSO4
2--S L-1 d-1 and 5.3 ± 0.8 gSO4
2--S L-1 d-1 
respectively (normalization to volume of the net cathodic compartment). In comparison 
using CG, Coma et al. 2013 reported a maximum volumetric sulfate reducing activity of 
0.06 gSO4
2--S L-1 d-1 at a cathode potential of -0.26 V vs. SHE, whilst Luo et al. 2014 
attained 0.19 gSO4
2--S L-1 d-1 at a cathode potential of -0.6 V vs. SHE using graphite 
brushes. Recently, Blázquez et al. 2016 achieved up to 0.4 gSO4
2--S L-1 d-1 at -0.8V vs. 
SHE.  
A maximum sulfide titre of up to 680 mg L-1 and 593 mg L-1 were obtained in this 
study using CG and MWCNT-RVC respectively, with no signs of sulfide inhibition. A higher 
cell voltage of 3.3 ± 0.2 V was required for the biocathode with MWCNT-RVC, while CG 
required 2.9 ± 0.2 V at an applied cathode potential of -1.1 V vs. SHE (data not shown). 
Based on these cell voltages, the power input needed to drive the sulfate reduction using 
CG was 6.6 ± 0.5 kWh/kg SO4
2- removed from catholyte, and slightly higher in the case of 
MWCNT-RVC (7.4 ± 0.1 kWh/kg SO4
2- removed). In addition to MEC technologies to drive 
autotrophic sulfate reduction, electrolysis can be used to produce hydrogen gas in-situ to 
drive sulfate reduction in a two-step process. The typical energy input for hydrogen 
formation via electrolysis is 4.5–7 kWh/m3 of H2 (Geppert et al. 2016). Using 0.934 m
3 as 
the required amount of H2 per kg sulfate reduced (Bijmans 2008), the power consumption 
to drive biological sulfate reduction to sulfide vary from 4.2 to 6.5 kWh/kg SO4
2- removed.  
Although the power consumption is slightly lower than the MEC process, 
technologies that would rely on the mass transfer of H2 molecules to microorganisms 
present several disadvantages. The main drawback of external H2 supply is the very low 
solubility of H2 (1.26 mmol L
-1 atm-1 (Yu 2014), which poses a technical challenge to 
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maintaining a high mass transfer in large bioreactors, without considerable loss of H2 as 
the case of the gaslift bioreactor described by (van Houten, Pol & Lettinga 1994). 
Comparatively, the MEC process described here allows combining both H2 
production/consumption within the mixed microbial biofilm with one reactor and without H2 
waste and extra handling needed. 
The effect of electrode material on the selective cathodic biofilm retention for the 
improvement of autotrophic sulfate reduction has been analysed. This is achieved by 
comparing MWCNT-RVC vs. CG as electrode materials, with the same experimental 
conditions and reactor design. Desulfovibrio abundance well explained the similar sulfate 
reducing performance of both electrode materials. Surprisingly, our findings show that 
inexpensive granular CG can achieve higher current-to-sulfide efficiencies at lower power 
consumption than the nano-modified three-dimensional MWCNT-RVC. Under the 
conditions of this study, no further sulfate-reducing improvement of the nano-modified 
surface against the CG surface were observed. Although the nano-modified MWCNT-RVC 
achieved higher current densities to produce H2 than CG, the results suggest that not all 
the nano-surface is available for the sulfate-reducing microorganisms due to 
Methanobacterium retention on the electrode. Therefore, no effective advantage of the use 
of a complex nanoscale surface modification was observed towards enhancing autotrophic 
sulfate-reduction rates. 
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Table 7.1. Overview of the performance of autotrophic sulfate reducing BESs to date. 
Microbial 
inoculum  
Operation 
mode  
Cathode 
Material 
Cathode 
potential 
Current 
density 
Max. SRR 
Current 
efficiency 
Cell 
voltage 
Power input 
Reference 
(V vs. 
SHE) 
(A m
-2
) 
(gSO4
2-
-S 
L
-1
 d
-1
) 
(gSO4
2-
 -S 
m
-2
 d
-1
) 
(%) (V) (kWh kg
-1 
SO4
2-
) 
Enriched 
WWTP sludge, 
China. 
Fed-batch 
Carbon 
felt 
-0.2 0.236 0.02 n.d 72 n.d n.d 
Su et al. 
[2012] 
Effluent of 
MFC Spain. 
Continuous 
Granular 
carbon 
-0.26 n.d 0.06 n.d n.d n.d n.d 
Coma et al. 
[2013] 
Enriched 
WWTP sludge, 
China 
Fed-batch 
Graphite 
brushes 
-0.6 
n.d 0.02 n.d 6 n.d n.d 
Luo et al. 
[2014] 
Continuous 50 A mncc
-3
 0.19 n.d 6 n.d n.d 
Sediment from 
Guangzhou, 
China. 
Fed-batch 
Graphite 
brushes 
-0.7 n.d 0.06 n.d 25 ± 1 n.d n.d 
Luo et al. 
[2017] 
Enriched lab-
scale sewer 
reactor Spain. 
Continuous 
Graphite 
brushes 
-0.8 n.d 0.4 n.d n.d n.d n.d 
Blázquez et 
al. [2016] 
Acclimated 
sediment, 
China 
Fed-batch 
Graphite 
brushes 
-0.7 50 A mncc
-3
 0.04 n.d 16 ± 2 n.d n.d 
Teng et al. 
[2016] 
Enriched 
inoculum, 
Brisbane, 
Australia. 
Fed-batch 
Carbon 
cloth 
-0.9 3.4 0.2 ± 0.0 3.7 ± 0.3  56 n.d n.d 
Pozo et al. 
[2015]  
-1.1 9.5 ± 0.3 0.5 ± 0.0 29 ± 3 95 n.d n.d 
Pozo et al. 
[2016] 
Continuous 
MWCNT-
RVC 
-1.1 
57 ± 11 5.3 ± 0.8 104 ± 16 48 ± 8 3.3 ± 0.2 7.4 ± 0.1 
This 
chapter  Carbon 
Granules 
32 ± 9 5.6 ± 0.7 110 ± 13 78 ± 7 2.9 ± 0.2 6.6 ± 0.5 
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8 A NOVEL BIOELECTROCHEMICAL SYSTEM FOR CHEMICAL-
FREE AND PRACTICALLY PERMANENT AMD TREATMENT 
 
8.1 Abstract 
The mining sector is currently under unprecedented pressure due to stringent 
environmental regulations. As a consequence, a permanent AMD treatment is increasingly 
being regarded as a desirable target with direct benefits for the environment and the 
operational and economic viability of the resources sector. A novel BES is described in 
Chapter 8. The technology consists of a two-cell bioelectrochemical setup to enable the 
removal of sulfate from the ongoing reduction-oxidation sulfur cycle to less than 550 mg L-1 
(85 ± 2% removal from a real AMD from a silver mine), thereby also reducing salinity at an 
electrical energy requirement of 10 kWh kg-1 of SO4
2--S removed. In addition, the BES 
operation drove the removal and recovery of the main cations Al, Fe, Mg, Zn at rates of 
151 ± 0 g Al m−3 d−1, 179 ± 1 g Fe m−3 d−1, 172 ± 1 Mg m−3 d−1 and 46 ± 0 g Zn m−3 d−1 into 
a concentrate stream (containing 263 ± 2 mg Al, 279 ± 2 mg Fe, 152 ± 0 mg Mg and 90 ± 
0 mg Zn per gram of solid precipitated after BES fed-rate control treatment. The solid 
metal-sludge was twice less voluminous and 9 times more readily settleable than metal-
sludge precipitated using NaOH. The continuous BES treatment also demonstrated the 
concomitant precipitation of rare earth elements together with yttrium (REY), with up to 
498 ± 70 µg Y, 166 ± 27 µg Nd, 155 ± 14 µg Gd per gram of solid, among other high-value 
metals. The high-REY precipitates could be used to offset the treatment costs. 
 
8.2 Specific methods 
8.2.1 AMD sampling and characterization 
AMD was collected from three processing ponds and a terminal dam at a former 
silver Mine site located 11 km east of the Town of Texas, in southern Queensland 
(Australia). The AMD was stored immediately afterwards in a cold room at 40C. A 
complete characterization of three processing ponds and a terminal dam is shown in Table 
8.1. The AMD from the processing pond number 2 was used as reactor feed.  
70 
 
Table 8.1. AMD composition of four collection points (n=2) with standard deviations 
(values in mg L-1, except pH, conductivity (mS cm-1), turbidity (NTU), Temperature (OC), 
Colour (mg L-1 Pt-Co). 
Parameter Pregnant Pond 1  
Inter-Pregnant 
Pond 2 
Barren Process 
Pond 3 
Terminal Dam  
pH 2.9 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 2.9 ± 0.1 
Conductivity   7.5 ± 0.2 10 ± 0.1 9 ± 0.1 5.5 ± 0.1 
Turbidity  4.8 ± 0.1 20 ± 0.1 2.1 ± 0.1 3.5± 0.2 
Temperature  22 ± 0.3 22 ± 0.2 22 ± 0.5 22 ± 0.7 
DO  7.6 ± 0.1 8.3 ± 0.1 8.3 ± 0.1 8.4 ± 0.2 
Colour  63 ± 0.4 545 ± 0.5 429 ± 0.4 257 ± 0.2 
TOC  15 ± 0.4 31 ± 1.6 27 ± 2 36 ± 0.3 
TIC  0.5 ± 0.2 0.3 ± 0.1 0.3 ± 0 0.2 ± 0 
TKN  41 ± 1.5 50 ± 1.4 46 ± 0.4 40 ± 2 
NH4
+
-N 39 ± 0 40 ± 0.1 37 ± 0.1 27 ± 0.3 
NO3
-
-N 25 ± 0.2 38 ± 0.4 46 ± 0.4 25 ± 0.2 
NO2
-
-N  0.04 ± 0.01 0.18 ± 0.01 0.12 ± 0.02 0.08± 0.01 
TKP  1.7 ± 0.2 7.9 ± 0.5 4.6 ± 0.3 1.8 ± 0 
PO4
3- 
-P        0.9 ± 0 5.4 ± 0.5 3.5 ± 0.1 1.3 ± 0.1 
SO4
2-
-S  2194 ± 13 3499 ± 33 3200 ± 120 2498 ± 11 
S2O3
2—
S 23 ± 0.4 22 ± 0.3 19 ± 0.3 20 ± 0.7 
SO3
2-
-S  2 ± 0 2.4 ± 0 2 ± 0 2.1 ± 0 
HS
-
-S  1.7 ± 0  1.6 ± 0 1.7 ± 0 1.5 ± 0.1 
Cl
- 
 68 ± 7 72 ± 3 73 ± 0.5 74 ± 0.9 
Na
 
 1154 ± 0.8 1451 ± 9 1422 ± 3 1078 ± 10  
K  29 ± 0.2 41 ± 0.4 33 ± 0.2 33 ± 0.1 
Fe
2+
  84 ± 4 439 ± 1 286 ± 0 147 ± 5 
Fe
3+
  32 ± 0.5 130 ± 20 107 ± 11 31 ± 1 
Fe  115 ± 2 564 ± 8 399 ± 5 172 ± 3 
Al  234 ± 0.3 472 ± 1 403 ± 4 316 ± 2 
Ca  500 ± 6 547 ± 7 533 ± 4 344 ± 2 
Mg  408 ± 22 590 ± 44 461 ± 23 551 ± 33 
Mn  44 ± 0.2 58 ± 0.1 50 ± 0.34 38 ± 0.2 
Zn  77 ± 0.1 145 ± 0.9 124 ± 0.4 57 ± 0 
Cu  6.4 ± 0 5.8 ± 0 7.8 ± 0 11 ± 0 
Ni  2.8 ± 0 4.3 ± 0 3.9 ± 0 3.6 ± 0 
Co 1.9 ± 0 2.7 ± 0 2.5 ± 0 2.4 ± 0 
As  0.2 ± 0 1.4 ± 0 1.1 ± 0 0.2 ± 0 
B  0.5 ± 0 0.2 ± 0 0.2 ± 0 0 ± 0 
Cd  0.06 ± 0 0.1 ± 0 0.1 ± 0 0.07 ± 0 
Cr  0.2 ± 0 0.4 ± 0 0.4 ± 0 0.2 ± 0 
Pb  0.3 ± 0 0.6± 0 0.6 ± 0 0.5± 0 
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8.2.2 Process overview 
The configuration encompasses one microbial electrochemical cell (Cell 1), one 
electrochemical cell (Cell 2) and a precipitation unit (PU) linked/controlled to achieve 
simultaneously removal of sulfate, S0/metals recovery and AMD treatment (see Figure 
8.1). AMD is streamed into PU, where metals are removed through precipitation of their 
hydroxides, Me(OH)2-3, formed by the pH increase caused by the hydrogen evolution 
reaction at the cathode of Cell 2. Sulfate migrates through an anion exchange membrane 
from the cathode to the anode of Cell 2, achieving its removal from the AMD stream. As 
Cell 2-anode and Cell 1-biocathode are hydraulically looped, sulfate can be reduced to 
sulfide at the cathode of Cell 1, through the biocatalysis of sulfate reducing bacteria 
(SRBs). This process may involve indirect (H2-mediated) sulfate reduction (Chapter 5,6 
and 7), where the key reactions are given by equations 8.1-8.3. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1. BES process schematic for continuous sulfur/metals recovery and water 
recycling from AMD mining wastewater. CEM: cation exchange membrane; AEM: anion 
exchange membrane. 
 
Oxidation reaction (anode) in Cell 1. 
4H2O → 2O2 + 8H
+ + 8e-         (8.1) 
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Cathodic reaction and biological sulfate reduction in Cell 1.  
8H+ + 8e- → 4H2  E
0’= -0.41 V vs. SHE    (8.2) 
4H2 + SO4
2- + H+/2H+ → HS-/H2S + 4H2O     (8.3) 
 
The generated sulfide is immediately converted to elemental sulfur via its two-
electron oxidation to elemental sulfur at the anode of Cell 2 coupled to cathodic hydrogen 
generation as stated in equation 8.4 and 8.5. 
Oxidation reaction (anode) in Cell 2. 
HS-/H2S → S
0(s) + H+/2H+ + 2e-   E0’= 0.271 V vs. SHE   (8.4) 
Reduction reaction (cathode) in Cell 2. 
2H2O + 2e
- → 2OH- + H2        (8.5) 
 
Metals from AMD are then precipitated as hydroxides in the precipitation unit (Eq. 
8.6) as the pH is raised via water reduction on the cathode side of the second cell (Bejan & 
Bunce 2015; Chartrand & Bunce 2003). 
Me2-3+ + 2OH-/3OH- → Me(OH)2-3(s)       (8.6) 
 
8.2.3 Bioelectrochemical cell (Cell 1) 
A custom-made borosilicate bottle (liquid volume 0.5 L) hosted the cathode 
(working electrode) of Cell 1, while the counter electrode (anode) was confined in a 20-cm 
tubular cation exchange membrane (CMI-7000T Cation Exchange Membranes, 
Membranes International Inc., USA), which was inserted in the bottle and also separated 
the biological reaction at the cathode from the oxygen produced at the anode. The cathode 
consisted of graphite granules (El Carb 100, Graphite Sales Inc., USA) with diameters of 
1.5 - 6mm (Freguia et al. 2007). The granules were first cleaned by immersion in 1M HCl 
solution and then pre-treated in 1M of NaOH solution 3 times, rinsed with deionised water 
to remove impurities as explained elsewhere (Dutta et al. 2010). Three carbon rods were 
embedded in the graphite granules and used as current collectors. The anode counter 
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electrode was a platinum wire (purity 99.95%, 0.50 mm diameter x 50 mm long, Advent 
Research Materials Ltd, UK), and the reference electrode was KCl-saturated Ag/AgCl 
(+197 mV vs. SHE) and was inserted in the proximity of the cathode. All potentials are 
reported versus SHE. The tubular membrane had an inner diameter of 2.54 cm and a 
height in contact with the granules of 14 cm. The effective surface area of the membrane 
was therefore 122 cm2.  
 
8.2.4 Electrochemical cell (Cell 2) 
The Cell 2 consisted of two parallel acrylic frames (internal dimensions of 20 x 5 x 2 
cm) separated by 100 cm2 of an anion exchange membrane (AMI-7001, Membranes 
International Inc., USA). The experiments were performed using graphite granules (El 
Carb 100, Graphite Sales Inc., USA) as anode, with a graphite plate as current collector 
(100 cm2). The cathode was a mixed metal oxide (MMO) Ti/Ru0.7Ir0.3O2 electrode with 12 g 
m−2 coating on Ti mesh (dimensions: 4.8 × 5 cm; thickness: 1 mm), supplied by Magneto 
Special Anodes (The Netherlands). Current density for Cell 1 and Cell 2 was defined as 
the average current in Ampere per square meter of membrane surface area.  
 
8.2.5 Start-up 
The two cells were separately started-up with synthetic media and subsequently 
linked hydraulically and electrically as described above. The biocathode of Cell 1 was 
operated separately from Cell 2 during 28 days after inoculation with planktonic 
microorganisms from an enriched sulfate reducing biocathode (Chapter 7). 
Chronoamperometric control at -1.1 V vs. SHE was applied using a VMP-3 potentiostat 
(Bio-Logic SAS, France). The total volume of catholyte (500 mL, inclusive of an external 
bottle in a recirculation loop) was recirculated at 15 L h-1.  
The biocathode was filled with an inorganic medium as described in section 4.4. In 
addition, 2.2 g L-1 Na2SO4 and 0.5g L
-1 NaHCO3 were added as the only sulfate and 
carbon source. The medium was prepared under anaerobic conditions (flushed with 100% 
N2). Autotrophic sulfate reduction is an electron and proton consuming reaction as showed 
by the reaction stoichiometry (Eq 8.3). As a consequence, a new sulfate-rich medium was 
added every 1-3 days to enrich for SRB, and the pH was kept between 6.7 and 7.3 by 
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dosing with 1 M HCl as needed. The anolyte consisted of 4 mg L-1 Na2HPO4 and 25 mg L
-1 
of KH2PO4 at pH 2.7 adjusted with HCl.  
 
8.2.6 Integration of the two cells with real AMD feeding 
A summary of the operating conditions is shown in Table 8.2. All experiments were 
performed at room temperature (20 ± 2°C). After reaching steady-state of autotrophic 
sulfate reduction in a period of 28 days, the biocathode of Cell 1 was hydraulically 
connected to the anode side of the Cell 2. The Cell 1 was controlled 
chronoamperometrically at -1.1 V vs. SHE using a VMP-3 potentiostat (Bio-Logic SAS, 
France). The Cell 2 was run at constant voltage of 1.7 V, using a Wenking potentiostat 
(KP07, Bank Elektronik, GmbH, Germany). The current was recorded every 60 s using an 
Agilent 34970A data acquisition unit.  
 
Table 8.2. Process conditions of BES process during different periods. 
Period Operation mode 
VLR                                    
(g SO4
2-
-S m
-3
 d
-1
) 
SLR                               
(g SO4
2-
-S m
-2
 d
-1
) 
Period I 
Day 1- 6 Batch - - 
Period II 
Day 7-14 
Continuous 
1750 350 
Day 15-22 2188 438 
Day 23-29 2625 525 
Period III 
Day 30-37 Batch - - 
Period IV 
Day 38-55 Feed-rate control 1116 223 
VLR: Volumetric loading rate 
SLR: Surface loading rate 
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The total liquid volume was 300 mL (inclusive of both chambers and the 
recirculation loop). An internal recirculation of 15 L h−1 was provided to ensure sufficient 
mixing. AMD was streamed into the precipitation unit (PU), which was hydraulically 
connected to the cathode compartment of Cell 2. AMD was also recirculated at 15 L h-1 
around PU and the cathode compartment. The total cathode liquid volume (inclusive of the 
external precipitation unit in the recirculation loop) was 2000 mL.  
The system was operated in batch (Period I and III), continuously (Period II) at a 
flow rate between 1 to 1.5 L d-1 and in step-fed mode (Period IV) where the feed pump 
was switched on and off to control the Cell 2 cathode loop pH at 7.3. Two feedback control 
loops were successfully implemented to integrate the two-cell system. The first pH 
controller (Liquisys M CPM253, Endress+Hauser, Australia) was used to accurately control 
the pH to a pre-specified set point of 7.3 ± 0.05 in the biocathode by actuating a switch in 
the Cell 2 electrical circuit. Cell 2 is thus normally operated at open circuit: as the pH rises 
due to biological sulfate reduction, the controller actuates the switch to close the electrical 
circuit and thus activate the Cell 2 which starts producing current and with it reducing the 
pH of its anode side via sulfide oxidation (Eq. 8.4). When the pH drops below the set point, 
the controller opens the Cell 2 electrical circuit again. The electrical parameters of Cell 2 
were set to ensure that the electrical current of Cell 2 when in closed circuit was higher 
than ¼ of the electrical current of Cell 1, in order to guarantee a sufficient supply of 
protons for pH control (this theoretical current ratio is given by the stoichiometries of Eqs 
8.2 - 8.4).  
The second feedback loop was installed to control the feed-rate of AMD (Period IV) 
into the precipitation unit. The controlled variable was the cathode loop pH at a set point of 
7.3 ± 0.05. The controller switches the feed pump on and off to maintain the pH within this 
interval. 
Acid and base chemical addition have been previously considered to control pH 
during autotrophic sulfate reduction to various set-points such as slightly acidic pH 5 
(Bijmans et al. 2009), neutral pH of 7.3 (Chapter 7), 7.5 (Nevatalo et al. 2010) or at 
alkaline pH of 9 (Sousa et al. 2015). If the chemical addition for pH correction can be 
avoided, the operational cost could be decreased for the treatment of sulfate-rich 
wastewaters (Paulo et al. 2005). In the configuration proposed in this work, the pH is 
controlled internally without chemical additions, relying on the acidity produced at the 
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anode of Cell 2 to regulate the pH at the cathode of Cell 1. SRBs are very sensitive 
microorganisms and highly responsive to environmental conditions as well as to any 
change in the dissolved inorganic content in wastewater (Muyzer & Stams 2008).  
Chemical species known to be highly inhibiting to SRBs at elevated concentrations 
are cations such as sodium (Vallero et al. 2002), heavy metals (Cabrera et al. 2006) or 
insoluble metal sulfides (Utgikar et al. 2002). In this thesis, metal toxicity is avoided by the 
use of a two-cell BES set-up (membrane separation). In the Cell 2 setup, the AEM enables 
the transport of SO4
2-, across the membrane, driven by the electrical potential gradient, but 
severely limits the migration of cations, such as Na+ and heavy metals from AMD, due to 
its charge selectivity (Varcoe et al. 2014). Utgikar et al. 2002 reported that insoluble metal 
sulfides can inhibit the SRB activity at the same level than metal ions. They suggested that 
any metal sulfide formed in a bioreactor needs to be removed immediately from the 
system to maintain the efficiency of the process of sulfate reduction. The configuration of 
this novel process acts in such a way, removing sulfide toxicity via sulfide oxidation to S0 
at the anode of Cell 2.  
 
8.3 Results and discussion 
8.3.1 Two-cell process operation and control 
After successful start-up of the two cells with synthetic media, the BES were 
subsequently linked hydraulically, electrically and operated with a continuous supply rate 
of AMD as described in the methods section. There is a clear trend of increasing pH when 
sulfate reduction occurs in the biocathode as a consequence of reaction stoichiometry (Eq 
8.3). Thanks to the internal pH-control and toxicity-control system, the electrical current in 
Cell 1 reached an average of 18.7 ± 0.2 A m-2 (see red line Cell 1 in Figure 8.2), which is 
the highest current density reported to date for an autotrophic sulfate reduction system 
(see a comprehensive comparison in Chapter 7. This rate could be obtained with electrical 
power input of 7.5 ± 0.3 kWh kg-1 of SO4
2- removal at a stable cell voltage of 3.4 ± 0.1 V. 
The Cell 1- Cell 2 loop pH control system proved effective, and led to a stable 
current density for Cell 1 at a cathode potential of -1.1 V vs. SHE, while during the start-up 
phase operating Cell 1 as a single cell exhibited a fluctuating current profile (data not 
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shown). With regards to feedback control operation, Figure 8.2 inset demonstrates that 
switching on and off Cell 2 was an effective method for pH control.  
The output current density of Cell 2 averaged 4.5 ± 0.3 A m-2 at a cell voltage of 1.7 
V and a power consumption of 2.8 kWh kg-1 of elemental sulfur recovered. Given that the 
two cells were successfully synchronised, the average concentrations rapidly reached a 
steady state, with sulfate at 650 ± 43 mg SO4
2--S L-1 and sulfide at 149 ± 43 mg HS--S L-1 
during 55 days of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2. Current density (j) and sulfur balance of two stage-process. Figure 8.2 
inset shows the Switch turn on/off current density of Cell 2. The sulfur species were 
measured in the loop biocathode cell 1 – anode cell 2. 
. 
8.3.2 Elemental sulfur recovery deposited on CG 
The presence of elemental sulfur on the electrode surface was confirmed by 
SEM/EDS and Raman spectroscopy after 55 days of operation. SEM/EDS analysis of 
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Figure 8.3B returned a characteristic peak of sulfur, indicating the possible presence of the 
target product. The specific elemental sulfur recovery was confirmed by the Raman 
spectra shown in Figure 8.3C.  
 
Figure 8.3. Sulfur recovery on carbon electrodes; a) SEM/EDS analysis of raw CG b) 
SEM/EDS analysis of CG after sulfide oxidation c) Raman spectroscopy depth profile overall 
of elemental sulfur deposition. 
 
SEM coupled with EDS mapping has been applied several times to detect 
electrodeposition of elemental sulfur (Dutta et al. 2010, 2009; Blázquez et al. 2016). 
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However, the various oxidation states of sulfur atom from II to VI cannot be distinguished 
with EDS, which only reveals the elemental composition (Toniazzo et al. 1999). As 
demonstrated in the Figure 8.3C, the use of Raman can detect spectroscopically the 
speciation of the elemental sulfur. The Raman fingerprint of elemental sulfur was in 
agreement with the known molecular configuration of elemental sulfur S8 (Pasteris et al. 
2001). More quantitative evidence can be found through the sulfur balance (see Fig 8.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4. Electrochemical sulfide oxidation and product formation at an applied cell 
voltage of 1.7V in batch mode R2. Anolyte: 60.75 mmol HS--S; initial pH 7.6; Catholyte: 460 
mmol HCO3
- L-1; initial pH 8.4. 
While the Cell 2 was operated at the same cell voltage of 1.7 V in two-cell process, 
the sulfide oxidation reaction and products formation were calculated using fed-batch 
operation with Na2S as electron donor and NaHCO3 as catholyte solution (to avoid sulfate 
diffusion across the AEM). Given that NaHCO3 was utilized as catholyte solution, 
concentrations of the different dissolved sulfur species (i.e. sulfide, sulfite, thiosulfate, 
sulfate and polysulfide) indicate that 74% of the total sulfide added was oxidized to 
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elemental sulfur. Of this, only a 4% and 9% was converted to sulfate and thiosulfate, while 
13% of the sulfide added was found to remain in solution. During the experiment, 
polysulfide was detected at lower concentration (2%), which could have been formed by 
chemical dissolution of elemental sulfur by sulfide (Dutta et al. 2008). At this condition, the 
output current decreased with the same trend as sulfide consumption. The sulfide was 
oxidised at a rate of 324 ± 20 g HS--S m-3 d-1 at the anode of Cell 2, equivalent to 19 ± 1 g 
HS--S m-2 d-1 (normalization to reactor volume and membrane surface area, respectively). 
The results also showed that pH decreased overtime due to proton release during sulfide 
oxidation (see Eq. 8.4). Both quantitative sulfur balance and spectroscopy analysis of the 
electrode surface strongly support the hypothesis that elemental sulfur is the primary 
product from sulfate-rich mining wastewater. 
 
8.3.3 Sulfate and metals removal from AMD 
Using real AMD in continuous mode, an average sulfate removal rate of 946 ± 18 g 
SO4
2--S m-3 d-1 was observed during fed-rate control operation (Period IV), which 
corresponds to 189 ± 4 g SO4
2--S m-2 d-1. The power consumption of the Cell 1- Cell 2 loop 
was 10.2 ± 0.3 kWh kg-1 of S0 recovered with an effective removal of sulfate-S to less than 
550 mg L-1 (85 ± 2% removal) after feed-rate control operation. The Al, Fe, Mg, Ca and Zn 
removal efficiency and concentrations over time are also shown in Figure 8.5.  
After successful start-up (Period I), the BES was operated with a continuous AMD 
supply in Period II at a flow rate between 1 to 1.5 L d-1. At 1 L d-1, the sulfate removal 
averaged 32 ± 5% (S) and metals reached different removal efficiencies such as 81 ± 14% 
(Al), 79 ± 14% (Fe), 58 ± 12% (Mg) 35 ± 6% (Ca) and 100 ± 0% (Zn). When the flow rate 
was further increased 1.5 L d-1, the removal efficiency decreased to 19 ± 1% (S), 62 ± 2% 
(Al), 29 ± 1% (Fe), 16 ± 1% (Mg), 22 ± 1% (Ca), 26 ± 3% (Zn). The performance was poor 
during continuous operation, with high effluent concentrations (2820 ± 32 mgSO4
2--S L-1), 
likely due to insufficient sulfate reducing activity, resulting in releasing high concentration 
of metals (399 ± 7 mg Fe L-1, 178 ± 9 mg Al L-1, 495 ± 5 mg Mg L-1 among others). The 
hydraulic retention time (HRT) ranged from 2 to 1.3 days at this stage of operation. 
Following the continuous operation, the flow was stopped for 7 days (period III), and the 
sulfate concentration decreased to 2080 ± 568 mg SO4
2—S L-1 towards the end of this 
period. When a continuous feed rate controlled operation was installed (period IV), sulfate 
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removal efficiency was enhanced to 85 ± 2%, combined with excellent metal removal such 
as Al, Zn, Cu, As, Cr (100%), and near complete removal of Fe (99%), Mg (91%), Ca 
(76%), Mn (91%), Ni (99%), Co (97%), Pb (96%) and Cd (95%). Additionally, water 
reduction to hydrogen at the cathode of Cell 2 raised the pH of the mining wastewater from 
2.7 to 7.3. 
 
Figure 8.5. Continuous metal and sulfur removal from AMD using two-cell BES 
process. 
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8.3.4 Enhancement of metal sludge settling and compacting performance 
The BES-sludge showed a SVI of 58 mL g-1 with a final volume of 212 mL L-1, while 
the same parameters of the sludge generated by NaOH were 217 mL g-1 after 30 minutes 
of settling and 400 mL L-1 of final volume after 20 hours of sedimentation. The solid BES-
sludge was 2 times less voluminous and 9-fold more readily settleable than metal-sludge 
precipitated using NaOH at the same final pH of 7.3 as plotted in Figure 8.6. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6. Sludge volume index and final volume of metal sludge 
 
Djedidi et al. 2009 showed sludges which settle slowly with a SVI of 377 mL g-1 
after treatment with caustic soda NaOH at pH 10. They also investigated the AMD 
treatment by adding Na2S and limestone (carbonate neutralization) at pH close to 8.0, 
which generated sludges with a SVI of 121 mL g-1 and 37 mL g-1. Improving on sludge 
settling is mainly due to the concomitant removal of sulfate from the AMD as the main 
counter anion (see Figure 8.5). The presence of highly acidic effluents containing sulfate 
involves the formation of large quantities of precipitates such a CaSO4 ·2H2O which settle 
more slowly than Cl- matrices (Yan, Chai & Li 2013; Djedidi et al. 2009). The results 
showed clearly that centrifugation (at 4000×g) is efficient to eliminate water from metallic 
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precipitates. In both treatment modes, the final volume of sludge obtained after 
centrifugation follows the same trend. 
 
8.3.5 Concomitant recovery of rare earth elements and yttrium (REY) with major 
metals 
The BES operation drove the removal and recovery of the main cations Al, Fe, Mg, 
Zn at rates of 151 ± 0 g Al m−3 d−1, 179 ± 1 g Fe m−3 d−1, 172 ± 1 Mg m−3 d−1 and 46 ± 0 g 
Zn m−3 d−1 into a concentrate stream containing 263 ± 2 mg Al, 279 ± 2 mg Fe, 152 ± 0 mg 
Mg and 90 ± 0 mg Zn per gram of solid precipitated after BES fed-rate control treatment. 
The continuous BES operation also demonstrated the concomitant precipitation of REY as 
high-value metals (see Table 1). The REY-sludge was enriched from raw AMD, which 
contained on average (n=3) 762 ± 33 µg Y L-1, 10 ± 0 µg La L-1, 119 ± 7 µg Ce L-1, 373 ± 2 
µg Pr L-1, 211 ± 13 µg Nd, 121 ± 1 µg Sm L-1, 56 ± 7 µg Eu L-1, 270 ± 33 µg Gd L-1, 28 ± 5 
µg Tb L-1, 229 ± 31 µg Dy L-1, 34 ± 2 µg Ho L-1, 67 ± 7 µg Er L-1, 7 ± 1 µg Tm L-1, 53 ± 3 µg 
Yb L-1, 11 ± 3 µg Lu L-1 and 49 ± 1 µg Sc L-1. With regard to REY recovery, Table 1 
demonstrates that it is possible to concentrate in smaller volumes using electricity as a 
driving force, with higher up-concentration levels than chemical precipitation process. Of 
primary interest, Y, Nd, Gd, Dy were successfully up-concentrated to reach 498 ± 70 µg g-
1, 166 ± 27 µg g-1, 155 ± 14 µg g-1, 140 ± 26 µg g-1, achieving similar concentrations than 
with the chemical-dosing treatment. The second most abundant species recovered were 
Ce, Pr, Sm reaching 82 ± 15 µg g-1, 84 ± 6 µg g-1 and 85 ± 13 µg g-1 respectively. 
Concurrently, the other key metals were also recovered in the precipitate but at inferior 
concentrations, because of their lower concentrations in the raw AMD.  
This recovery rate of Nd, Gd, Dy is at least 150 times higher than of iron oxidation 
process driven REY recovery developed by Verplanck et al. 2004. The same authors also 
reported Ce, Pr, Sm recovery, which is at least 75 times lower than the rate reached in this 
study. Recently, Maes et al. 2017 achieved recovery of neodymium (Nd) up to 880 mg of 
Nd L−1 within 4 days at 40 A m-2. Unfortunately, there is no detailed information available 
for the amount of precipitated formed as a way of comparison with this study. We estimate 
that 40 dry tons of sludge can be produced from the 10 ML of AMD in the terminal dam at 
the former silver Mine site (Queensland, Australia). A total potential REY resources of 2.3 
tons can be obtained from the BES-sludge, based on the REY concentrations after BES 
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treatment. The high REY concentrations could be used to offset at least part of the site’s 
AMD treatment costs and rehabilitation. 
Table 8.3. Recovery of major metals and rare earth element and yttrium data after 
BES and chemical treatment of 1 L of raw AMD. 
Sample 
Solid precipitate after MES 
treatment; final pH:7.3 
Solid precipitate after 
NaOH addition; final pH:7.3 
Major metals  (mg g
-1
 solid precipitate) 
Al 263 ± 2 220 ± 0 
As 1.3 ± 0 1.6 ± 0 
Ca 23 ± 0 27 ± 0 
Cd 0.1 ± 0 0.1 ± 0 
Co 2.7 ± 0 2.5 ± 0 
Cr 0.3 ± 0 0.3 ± 0 
Cu 4.5 ± 0 2.2 ± 0 
Fe 279 ± 2 307 ± 1 
K 2 ± 0 3.4 ± 0 
Mg 152 ± 0 77 ± 1 
Mn 27 ± 0 25 ± 0 
Na 21 ± 0 67 ± 0 
Ni 3 ± 0 2.4 ± 0 
P 7 ± 1 2.7 ± 0 
S 123 ± 25 126 ± 2 
Zn 90 ± 0 74 ± 0 
Rare earth elements + yttrium (µg g
-1 
solid precipitate) 
Y 498 ± 70 415 ± 16 
La 11 ± 3 4 ±0 
Ce 82 ± 15 68 ± 7 
Pr 84 ± 6 107 ± 6 
Nd 166 ± 27 128 ± 4 
Sm 85 ± 13 67 ± 3 
Eu 38 ± 4 31 ± 3 
Gd 155 ± 14 127 ± 8 
Tb 18 ± 3 15 ± 2 
Dy 140 ± 26 120 ± 16 
Ho 18 ± 5 17 ± 1 
Er 45 ± 5 38 ± 2 
Tm 4 ± 1 4 ± 1 
Yb 32 ± 6 28 ± 2 
Lu 8 ± 3 5 ± 1 
Sc 39 ± 0 29 ± 0 
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9  CONCLUSIONS, OUTLOOK AND RECOMMENDATIONS FOR 
FUTURE WORK 
 
9.1  Conclusions  
The work covered in this thesis developed and demonstrated a novel two-cell 
bioelectrochemical process for AMD treatment without added chemicals and in a 
practically permanent way. In a first cell, sulfate is reduced via an enriched sulfate-
reducing bacteria community capable of utilizing bioelectrochemically-produced H2 for 
autotrophic sulfate reduction. In a second cell, the electrochemical anodic oxidation of 
sulfide to sulfur enables the precipitation/recovery of metals from the AMD. A number of 
factors affecting the performance of both cells were identified and their effects on the AMD 
treatment was studied. From a fundamental scientific point of view, this thesis has 
demonstrated that by choosing an adequate electroactive inoculum, the autotrophic 
electrode-driven reduction of sulfate to sulfide is possible without the addition of organic 
compounds or hydrogen. The process has a high coulombic efficiency of 95 ± 0.04 % 
electrons recovered as sulfide, and may be economically viable to treat sulfate-rich 
wastewaters due to the use of inexpensive carbon-based electrodes and a mixed culture 
biocathode that does not require aseptic conditions nor addition of chemical inhibitors to 
operate. Additionally, this thesis has clearly identified that proton reduction at the cathode 
in the second cell combined with elemental sulfur recovery at the anode effectively raised 
the pH of the AMD from 3.6 to 7.3 with an effective removal of sulfate-S to less than 550 
mg L-1 (85 ± 2% removal). There was nearly complete precipitation of metals outside the 
cell as Me(OH)2 or Me(OH)3 producing a dense sludge which settles rapidly and compacts 
well. This study creates a novel platform technology, particularly in the recovery of scarce 
and high valuable REY metals and to recover water with a quality that is fit-for-purpose for 
on-site reuse.  
The following main conclusions summarize the findings of this work: 
1)  Carbon electrodes can be successfully used to grow a cathodic sulfate reducing 
biofilm, which drives autotrophic sulfate reduction without the need of chemical addition. 
An important enrichment of SRBs (46 ± 4 %) and hydrogen-producing organisms 
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(putatively Methanobacterium (14 ± 2 %) could be responsible for higher electroactivity in 
BESs, taking into account that this enrichment was not found in non-electroactive systems.   
2)  The cathodic biofilm was able to modify the electrode surface towards more efficient 
HER and achieved efficient autotrophic sulfate reduction. A sulfide production rate of 0.9 ± 
0.06 mol HS--S m2 d-1 and hydrogen production rate of 3.9 ± 0.5 mol H2 m
2 d-1 were 
achieved at room temperature and fed-batch operational modes.  
3)  Sequencing analysis of the 16S rRNA gene revealed that multi-wall carbon 
nanotubes deposited on reticulated vitreous carbon (MWCNT-RVC) electrodes retained 
the bacteria and archaea population from the inoculum, while CG electrode surface was 
able to select for bacteria over archaea. The use of CG almost completely led to wash-out 
of Methanobacterium, which dropped to 0.2%. In contrast, Methanobacterium population 
increased to 19% in MWCNT-RVC. Both electrode enrichments showed a core community 
of sulfate-reducing biofilm (SRB) consisting of Desulfovibrio (28%) and Desulfomicrobium 
(14%), accounting for 42% of total operational taxonomic units from the MWCNT-RVC 
electrodes. Whilst similar Desulfovibrio relative abundance of 29% were found in CG, 
lower abundance was accounted for Desulfomicrobium (4%). Surprisingly, the findings 
show that inexpensive granular CG can achieve higher current-to-sulfide efficiencies at 
lower power consumption than the nano-modified three-dimensional MWCNT-RVC. 
4)  The operation of a two-cell BES treating real AMD was demonstrated and has 
yielded promising results. The BES process demonstrated the potential for AMD treatment 
without added chemicals and in a practically permanent way. Sulfate-S removal of 85 ± 
2% can be reached with the proposed BES process, at a total electricity input of 10 kWh 
kg-1 of SO4
2--S removed. Scanning electron microscopy (SEM), Energy-dispersive X-ray 
spectroscopy (EDS) and Raman spectroscopy analysis confirmed that elemental sulfur 
was recovered on graphite granules for up-stream reuse.  
5)  The BES operation drove the removal and recovery of the main cations Al, Fe, Mg, 
Zn at rates of 151 ± 0 g Al m−3 d−1, 179 ± 1 g Fe m−3 d−1, 172 ± 1 Mg m−3 d−1 and 46 ± 0 g 
Zn m−3 d−1 into a concentrate stream (containing 263 ± 2 mg Al, 279 ± 2 mg Fe, 152 ± 0 
mg Mg and 90 ± 0 mg Zn per gram of solid precipitated after BES fed-rate control 
treatment. The solid metal-sludge was 2 times less voluminous and 9 times more readily 
settleable than metal-sludge precipitated using NaOH. The continuous BES treatment also 
demonstrated the concomitant precipitation of rare earth elements + yttrium, with up to 498 
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± 70 µg Y, 166 ± 27 µg Nd, 155 ± 14 µg Gd per grams of solid, among other high-value 
metals.  
9.2 Outlook and cost analysis 
In this thesis, a BES process was chosen as technology to treat AMD due to 
selectivity and controllability as well as no requirement for dosing, transport, and storage of 
chemicals, which makes bioelectrochemical technologies ideal for AMD treatment in 
abandoned and remote areas. Table 9.1 summarizes the cost assumptions and data used 
in this thesis of the BES process for AMD treatment compared to data used in literature.  
Table 9.1. Summarizes the costs assumptions and data used in this thesis. 
Item 
Data used in this 
thesis
a
 
Data used in 
literature Lifetime 
AU$ m
-2
 AU$ m
-2
 
Estimated capital cost of Electrochemical Cell 
Electrodes (x2) 400   5 years 
Ion exchange membranes 100   5 years 
Current collectors (SS) 50   5 years 
Electrochemical Reactor 1,000   25 years 
Peripheral equipment x 3
a
      
Total Capital cost 4650 4486
b
   
Estimated operational cost of BES (OPEX)  
 
Electricity cost (AU$ KWh
-1
) 0.07
c
     
BES process performance     
Current density (A m
-2
) 56 50-200   
SRR (g SO4
2-
-S m
-2
 d
-1
) 189     
Power consumption (kWh kg
-1 
SO4
2-
) 10     
a Based on experience with the world's first BES pilot plant, which was built in 
Australia, 2007 (Keller & Rabaey 2008). b (Desloover et al. 2012). c (Jourdin 2015). The 
capital cost was converted to AUD dollars at a rate of 1.5 AU$ =1 EURO (17/05/2017). 
88 
 
The cost analysis is based on the treatment of 10 ML of AMD from the terminal dam 
at a former silver Mine site located 11 km east of the Town of Texas, in southern 
Queensland (Australia). The mine water is very acidic (pH 2.7) with a high sulfate 
concentration of 3.5 g SO4
2- -S L-1. The cost assumptions of the bio-electrochemical 
reactor and materials are based on the author and his colleagues’ experience and the 
economics of this concept was also compared with the capital cost described in 
(Desloover et al. 2012).  
 
9.2.1 The effect of the biological SRR on the AMD treatment 
At the current maximum SRR of 189 g SO4
2- -S m-2 d-1 (Chapter 8), it would take 85 
square meters of projected surface area for the BES process to achieve complete 
remediation of a 10 ML mine site within six years. If the SRR is increased 5 times the 
complete remediation of the mine could be achieved within two years of treatment using 
the same projected surface area, as described in Figure 9.1.  
 
Figure 9.1. Effect of SRR on the years of AMD treatment based on 87 square metres 
of projected surface area for the BES process to achieve complete remediation of a 10 ML 
mine site with a sulfate concentration of 3.5 g SO4
2--S L-1.  
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9.2.2 The effect of the current density on cost of treatment  
The highest current density described in this thesis was 57 A m-2 (Chapter 7). 
Assuming that the current density of the BES can be increased 4 times, if the sulfate-
reducing microbial activity is improved in the Cell 1 BES, the estimated capital cost 
(CAPEX) can be reduced 3.5 times from AU$ 20 to 5.5 per Kg of SO4
2--S removed as 
described in Figure 9.2 (Blue line). An electricity cost of 0.07 AU$ KWh-1 was taken into 
account for the OPEX calculations (Red line). 
 
Figure 9.2 Effect of current density on capital and operating cost of AMD treatment 
using an electricity cost of 0.07 AU$ kWh-1. 
 
9.2.3 The effect of the electricity cost on OPEX 
As described in Chapter 8, the electrical energy requirement of the BES was 10 
kWh kg-1 of SO4
2--S removed (Red line in Fig 9.3). The power consumption was based on 
a total electrical energy required for the first cell biocathode’s operation of 7.5 kWh kg-1 of 
SO4
2--S reduced and then sulfide is oxidised at a power consumption of 2.8 kWh kg-1 of 
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HS--S  in the second electrochemical cell (see Figure 8.1). The OPEX was also evaluated 
at a power consumption of 7.3 kWh kg-1 of SO4
2--S removed (Blue line in Fig 9.3).  
This is based on the recent described microbially-catalysed direct sulfate reduction 
process at a cathode potential of -0.5V vs. SHE on the graphite electrode and at an anode 
potential of 1.5V vs. SHE (Beese-Vasbender et al. 2015b). The operational cost of the 
BES process was also assessed according to the cost of electricity per kWh as described 
in Figure 9.3. It can be seen from the data that under 3 cents per kWh, the BES process 
shows a better OPEX (0.6 AU$ Kg-1 SO4
2--S removed) than adding methanol to drive 
biological sulfate reduction (0.7 AU$ Kg-1 SO4
2--S removed). On the contrary, the BES 
process with an electricity cost higher than 5 cents per kWh is always above the selling 
price of methanol as the electron donor for sulfate reduction.  
 
Figure 9.3. Effect of the electricity price on the OPEX.  
 
In addition to biological sulfate reduction using organic compounds as electron 
donors, electrolysis can be used to produce hydrogen gas in-situ to drive sulfate reduction 
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in a two-step process. The typical energy input for hydrogen formation via electrolysis is 
4.5–7 kWh m-3 of H2 (Geppert et al. 2016). Using 0.934 m
3 as the required amount of H2 
per kg sulfate reduced (Bijmans 2008), the power consumption to drive biological sulfate 
reduction to sulfide vary from 4.2 to 6.5 kWh Kg-1 of sulfate. Although the power 
consumption is slightly lower than the BES process, technologies that would rely on the 
mass transfer of H2 molecules to microorganisms present several disadvantages. The 
main drawback of external H2 supply is the very low solubility of H2 (1.26 mmol L
-1 atm-1 
(Yu 2014) which poses a technical challenge to maintaining a high mass transfer in large 
bioreactors, without considerable loss of H2 as the case of the gaslift bioreactor described 
by van Houten et al. 1994. Comparatively, the BES process described here allows 
combining both H2 production/consumption within the mixed microbial biofilm with one 
reactor and without H2 waste and extra handling needed. 
Table 9.2 summarizes output of the BES technology under the best-case scenario 
of current density. The cost was calculated considering a power consumption of 7.3 kWh 
kg-1 of SO4
2,  electricity cost of 0.07 AU$ kWh-1 and a current density of 207 A m-2. At this 
power consumption and sulfate concentration of 10.5 g SO4
2- L-1 equivalent to 3.5 g SO4
2--
S L-1 (Table 8.1), remediating a 10 ML of AMD mine site would cost AU$ 192,500 
(CAPEX) (including 2 Cells and peripheral equipment), 4 times as much as the OPEX 
(AU$ 45,500) based on the Table 9.2. But the asset can be moved and tracked from mine 
to mine. As was described in Figure 9.1, it would take six years to complete remediation of 
the 10 ML mine site at the current SRR. 
 
Table 9.2. Economics of the BES process.  
Reactor 
CAPEX OPEX 
AU$ Kg
-1
 SO4
2-
-S AU$ m
-3
 of AMD AU$/Kg SO4
2-
-S AU$ m
-3
 of AMD 
Two-stage Bio-
Electrochemical for 
sulfur recovery  
5.5 19 1.3 4.6 
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The cost of treatment was compared with the biological sulfate-reducing process using 
ethanol and H2 as electron donor without consideration of transportation cost in remote 
areas (Table 9.3). 
 
Table 9.3. Economics of current biological sulfate-removal technologies based on external 
chemical addition. 
  CAPEX 
 
Electron donor cost  OPEX  
 Reactor 
AU$ Kg
-1
 
SO4
2—
S 
AU$ m
-3 
of 
AMD   AU$ Kg
-1
 SO4
2-
-S 
AU$ Kg
-1
 
SO4
2-
-S 
AU$ m
-3 
of AMD 
Ethanol Fed 
UASB 0.4 1.3
a,d
 
 
1.0
b,d
 1.8
a,d
 6.4
a,d
 
Gas-lift reactor 
fed with H2 0.3  0.9
 a,d
    0.8
b,d
 0.6
a,d
 2.2
a,d
 
  CAPEX 
Compression air 
cost Oxygen cost  OPEX  
 Reactor 
AU$ Kg
-1
 
HS
—
S 
AU$ m
-3 
of 
AMD AU$ Kg
-1
 HS
—
S 
AU$ Kg
-1
 
HS
-
-S 
AU$ Kg
-1
 
HS
-
-S 
AU$ m
-3 
of AMD 
Sulfide-
oxidation 
Bioreactor  - -  0.14
c
 0.56
c
 0.79 1.06 
a (Nevatalo 2010). b (Bijmans 2008). c Based on compression air cost data taken 
from (Jourdin 2015) and using O2/HS
- -S = 0.5. 
d the cost was converted to AUD dollars at a 
rate of 1.34 AU$ =US$ (17/05/2017). The calculations were made based on SO4
2--S. 
 
The Table 9.2 above illustrates that the capital expenditure of a full-scale BES 
would be orders of magnitude higher than those of conventional anaerobic treatment 
technologies, which is based on the current materials used in the laboratory. Future 
research will need to investigate new reactor designs and materials in order to reduce 
capital costs, however, because of the intrinsically complex design of BESs, it is likely that 
the capital cost will always remain several times that of conventional treatment 
technologies. Therefore, BES as water treatment technology can only become 
economically motivating if these larger capital costs are compensated for by increased 
revenue from its products (Rene Rozendal et al. 2008). On the contrary to European 
reality, the cost of chemical transportation in Australia seems to be the critical variable 
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determining the OPEX (~33% of the total current cost) (Batstone, Jensen & Ge 2011; 
Mejia Likosova 2013). 
 
9.2.4 Cost of transporting chemicals as electron donor for sulfate reduction in 
Australia 
Although the price of methanol or other organic compounds is lower than electricity 
in some specific cases, these electron donors are commonly missing in the industrial 
scenarios where sulfate-rich waste streams are produced (e.g. AMD in mining). There 
have certainly been attempts to bring in the electron donors to such sites in order to 
reduce sulfate discharge, yet the costs of transportation in remote areas remain a barrier 
to widespread implementation. In the assumption of using methanol, the sulfate reduction 
process would require around 47 tonne of methanol to drive the first stage process at the 
silver Mine site located in the Town of Texas (Australia). With the cost of chemical 
transport in the Australian context of 70-150 AU$ tonne-1 (Batstone, Jensen & Ge 2011; 
Mejia Likosova 2013), transporting methanol from Brisbane to mine sites would cost 0.09-
0.2 AU$ Kg-1 SO4
2--S removed based on a methanol/sulfate ratio of 4/3 (Liamleam & 
Annachhatre 2007). Moreover, bringing electron donor to the site is a way to convert 
sulfate to sulfide. However, another technology is still needed to drive sulfide oxidation to 
elemental sulfur.  
Table 8.1 shows that 40 mg/L of NH4
+-N and 5.4 mg/L of PO4
3- -P  can be found in 
the composition of AMD. These nutrients can be used as a source of N and P for the 
microbial growth without a chemical-dosing requirement. 
 
9.2.5 Sludge disposal management and resource recovery as potential revenue 
source  
Chemical neutralisation remains by far the most widely applied AMD treatment 
method. This is largely due to the fact that lime costs are low in comparison to alternatives. 
Gypsum precipitation is a common side-product of lime neutralisation when the sulfate 
from AMD and the calcium added from lime will bring the solubility product well above 
saturation (Eq. 9.1).  
Ca(OH)2 + H2SO4     CaSO4 × 2H2O       (9.1)    
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This reaction is often responsible for scaling in treatment processes as well as large 
amount of sludge produced, high water content in the produced sludge, difficulties in 
dewatering of the sludge and finally high sludge disposal costs. As it was shown in 
Chapter 8 the BES process generates a solid metal-sludge, which was 2 times less 
voluminous and 9 times more readily settleable than metal-sludge precipitated using 
NaOH. The BES-sludge was made mainly by oxides and hydroxides, no sulfates/sulfides, 
and therefore it is a stable sludge, which it would not regenerate acidity and would not 
redissolve in rain water. 
This makes it a way better product than the lime sludge or RO brine, the latter being 
still acidic. From a conceptual perspective, the use of bio-electrochemical technology to 
improve sludge-metal disposal can create multiple outputs that could justify the operational 
and capital investment of the system. Ideally, the produced metal-sludge in smaller 
volumes can be used as a source of high-valuable metals. 
It is estimated that 40 dry tons of sludge can be produced from the 10 ML of AMD in 
the terminal dam at the former silver mine site in Texas (Queensland, Australia). A total 
potential REY resources of 2.3 tons can be obtained from the BES-sludge, based on the 
REY concentrations after BES treatment. The high REY concentrations could be used to 
offset part of the site’s AMD treatment costs and rehabilitation. Several of these elements 
can fetch extremely high prices depending on their scarcity and commercial applications. 
As an example, Europium, terbium, and dysprosium have been recently priced in the 
range of $500 - $900/kg (Welch et al. 2009; Noack, Dzombak & Karamalidis 2014). 
This process will also be directly applicable for the oxidation of the sulfide to form 
elemental sulfur. Sulfur can then be recovered from the electrode by redissolving it as 
polysulfide or harvesting the solid sulfur deposit from the electrodes mechanically. 
Although a commercial process (THIOPAQ) exists to generate elemental sulfur using 
micro-aerobic conditions, it suffers from a limited selectivity, and sulfide can oxidise to 
sulfate (Pikaar et al. 2011a). This PhD thesis developed a practically permanent AMD 
treatment process because a solid form of sulfur was the main final product with good 
selectivity. The sulfur harvested from the electrodes can be beneficially reused on site 
(e.g. combustion to form sulfuric acid) or as nutrient in agriculture. 
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9.3  Recommendations for future work 
Further research is required in order to reduce the cell power consumption of 10 
kWh kg-1 of S0. The standard electrode potentials for water oxidation at the anode and 
proton reduction at the cathode are respectively +0.8 V and −0.4 V versus SHE, resulting 
in a theoretically required cell voltage of 1.2 V. In this thesis, a cathode potential of -1.1 V 
vs. SHE was used to drive hydrogenotrophic sulfate reduction at a stable cell voltage of 
3.3 ± 0.2 V (See Eq. 2 and 3). However, if the SRB can directly use electrons from the 
electrode, the cathode potential could be increased to much higher levels.  
The theoretical potential for direct sulfate reduction (Eq. 2.4) is already about 0.2 V 
higher than for hydrogen production, and it is also expected that the microbially catalysed 
direct reduction process has a considerably lower overpotential than the hydrogen 
production on the graphite electrodes. 
This substantial increase of cathode potential to -0.2 V means a significant 
reduction of energy input for sulfate reduction. A previous study has indeed demonstrated 
that some discovered SRB species can directly accept electrons from metal and carbon 
surfaces for sulfate reduction to sulfide (Dinh et al. 2004; Beese-Vasbender et al. 2015b). 
This strongly indicates that it should be possible to achieve sulfate reduction directly 
on the electrode at lower cell voltages. The electron transfer process can be severely 
affected by the distance between electrode and membrane due to the electrolyte Ohmic 
resistance. New electrochemical cell designs are recommended to reduce the Ohmic 
losses of these systems. Minimizing the electrode spacing and choosing better electrode 
materials are some of the alternatives to reduce energy losses. 
The two-stage process described in Chapter 8 can be further investigated to reduce 
power consumption. As an example, hydrogen which is produced in cell 2 could be used to 
improve sulfate reduction or as an electron donor to the anode of cell 1. Investigating 
direct-electrode transfer mechanisms of autotrophic sulfate reduction, and applying 
measures in order to reduce energy losses bring the process one step closer to practical 
application. 
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